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PREFACE 





This text uses the standard Matlab® package in order to model and optimize 
radiation and scattering of basic RF and wireless communication antennas 
and microwave structures. The full-wave solution is given by the method of 
moments. The antenna structures range from simple dipoles to patch anten- 
nas and patch antenna arrays. Some special antenna types, such as fractal 
antennas are considered as well. 

The antenna theory presented serves only as necessary background. Each 
beck chapter has an associated Matlab directory on the CD-ROM, contain- 
ing the Matlab source codes and the antenna generator codes. The reader is 
encouraged to further develop, improve, or replace any of these codes for 
his/her own needs. 

The Matlab package supports the moment method in the sense that it 
already has highly efficient built-in matrix solvers. The impedance matrix itself 
is created in this text using Rao-Wilton-Glisson (RWG) basis functions, the 
electric field integral equation, and the feeding edge model. 

Another very inviting property of Matlab is the wide variety of two- and 
three-dimensional visualization tools. These tools make antenna analysis an 
exciting journey. Matlab 6 Release 12 also has built-in mesh generators that 
allow one to create complicated antenna structures in a simple and observ- 
able way. 

For course use, the text is intended primarily in combination with Balanis’s 
book Antenna Theory, as a simulation and development tool. Some of the 
chapters can be omitted without loss of continuity. 

I would like to acknowledge the suggestions and constructive criticism of 
the reviewers for this book. My students Tony Garcia and Anuja Apte pro- 
vided numerous corrections to the text. I am grateful to the staff of John Wiley 
& Sons, Inc. for the interest and support in the publication of this text. I am 
thankful to Dr. James Mink who made this work possible. 

Finally, I thank my loving wife Natasha for many good things but for too 
many to list. 

Sergey Makarov 
ECE, Department 
Worcester Polytechnic Institute, MA 
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1.1. MATLAB 


Standard Matlab® has all the ingredients needed to develop a simple and 
interactive “antenna toolbox.” These include (1) built-in surface and volume 
mesh generators in two and three dimensions, (2) highly efficient matrix 
solvers, (3) Fourier analysis tools, and (4) 2D and 3D plots with rotation, zoom, 
and scroll options. 

To date, there are two EM antenna-related packages built on Matlab: The 
Femlab® software of COMSOL group (Sweden, Finland, United States), and 
SuperNEC from Poynting Software Ltd., South Africa. In SuperNEC, an ex- 
ecutable C++ file is still employed in order to perform the key MoM caleu- 
lations, whereas Matlab essentially plays the role of a GUI. 

Femlab includes a number of finite element modules. Among these is an 
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“Electromagnetics Module” developed to perform finite element simulations 
of quasi-static and high-frequency fields in Matlab. The emphasis here is on 
quasi-statics and microwaves, but not on the antenna analysis. The complete 
Femlab EM module is also rather expensive. 

This text explains how to use the standard Matlab package in order to 
simulate radiation and scattering of basic RF and wireless communica- 
tion antennas and microwave structures. Rao-Wilton-Glisson (RWG) basis 
functions, the electric field integral equation, and the feeding-edge model 
are the background material of the underlying MoM (method of moments) 
code. 


1.2. ANTENNA THEORY 


In writing this book, I attempted to strike a balance in two ways. First, while 
the book does present Matlab code, it is not a programming manual. Appro- 
priate references are given for those readers not already familiar with Matlab. 

Second, while antenna theory is developed consistently, this is not a general 
text on antennas. In presenting the theory, I took cues from Balanis’s famous 
text, Antenna Theory [1]. Numerous examples are given to show how to cal- 
culate practically important antenna/target parameters. These parameters 
include: 


+ Surface current distribution 

* Input impedance and return loss 

» Antenna near field 

» Antenna far field 

* Radiation intensity and radiation density 

- Radar cross section 

. Directivity pattern, gain and beamwidth 

- Antenna transfer function and antenna-to-antenna link 
» Time domain antenna characteristics 


Many chapters are further organized in such a way as to directly support the 
Balanis text. In particular, 


Chapter 4 Dipole and Monopole Antenna 
Chapter 5 Loop Antennas 

Chapter 6 Antenna Arrays 

Chapter 7 Broadband Antennas 

Chapter 10 Patch Antennas 


complement Chapters 4, 5, 6, 9, 10, and 14 of Balanis’s book. 
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1.3. MATLAB CODES 


Every book chapter has an associated Matlab directory in the CD-ROM, con- 
taining the corresponding Matlab source codes and the antenna mesh gen- 
erator files. These codes are executed sequentially and reflect successive 
numerical steps of the moment method. Before reading the chapter, the reader 
may want to run these scripts first. The final script will display the results for 
the starting example of the corresponding chapter. 

The “core” of the book consists of two relatively short (each less than 70 
lines) Matlab scripts. The first script impmet.m computes the impedance 
matrix Z using the algorithm developed in [2]. This is the basic and the most 
important step of the moment method. The impedance matrix allows us to 
determine electric currents flowing on the antenna surface. Once the im- 
pedance matrix is programmed correctly, the rest of the work usually does not 
constitute any difficulties. The Matlab function impmet.m is used in the 
Matlab directory of every chapter. 

The second code point .mcomputes the radiated field of an infinitesimally 
small electric dipole or a group of dipoles at any point in space. This code helps 
us to determine near and far field of an antenna, including its radiation pat- 
terns and gain. The Matlab function point .mis used in the Matlab directory 
of every chapter except for that of Chapter 2. 

Both codes are almost fully vectorized and comparable to the correspond- 
ing C++ executable files with respect to speed. The mterested reader could try 
to modify these codes to improve their performance, 

The rest of the Matlab scripts are used to support and visualize the input 
and output data for an antenna. Codes, whose name starts with rwg, €g., 
rwgl.m, rwg2.m, and rwg3.m, are responsible for operations with the 
antenna structure. Codes, whose names start with efield, such as efeldi.m, 
efield?.m, and efield3.m, are responsible for near- and far-field antenna 
parameters. The reader is encouraged to further develop, improve, or replace 
any of these codes. 


1.4. ANTENNA STRUCTURES 


Animportant problem is how to create an antenna structure. Matlab provides 
several ways of doing so. One way is to use the built-in mesh generator of 
the Matlab PDE toolbox. This mesh generator creates planar structures of 
any (intercepting) rectangles, polygons, and circles, using the convenient 
graphical user interface (GUI). To extend the design to a 3D structure, it is 
usually enough to write a short Matlab script involving the z-coordinate 
dependency. 

Another way is to identify the boundary of the antenna structure analyti- 
cally. Then Delaunay triangulation is applied to that structure, using Matlab 
function delaunay. To approach 3D structures, function delaunay3 (3D 
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Table 1.1. Antenna Mesh Generators Available from 
Subdirectory Mesh of the Matlab Directory of Each 











Chapter 
Chapter 
Antenna 
Dipole/strip 4.6 
Dipole with reflector(s) 4 
Linear/cireular array of dipoles 6 
Monopole on a finite ground plane 4.6 
Array of monopoles on a finite ground 4,6 
plane 
Bowtie antenna 6,7 
Array of bowties 6 
Loop antenna 5 
Helical antenna 5 
Spiral antenna 7 
Fractal antenna (Sierpinski fractal) 7 
Patch antenna on a finite ground plane 10 
Patch array on a finite ground plane 10 
Structure 
Plate, cube, sphere Appendix A 
Metal meshes (frequency selective 10, Appendix A 


surfaces) 





Delaunay tessellation) may be used. The advantage of this approach is that 
we do not need the PDE toolbox and can create arbitrary 3D antenna surface 
and volume meshes. Also the otherwise created meshes have been imported 
to Matlab in ASCII format. 

The library of antenna mesh generators from the text covers about 15 basic 
antenna shapes to date. Each antenna mesh generator is a Matlab script that 
outputs the antenna structure. Input parameters (length, width, height, dis- 
cretization, etc.) are subject to change. Detailed explanations and examples 
are given in order to help readers to create their own antenna structures. 
Table 1.1 lists the mesh generator scripts. 

The basic shapes can be bent, cloned, and combined with each other using 
simple Matlab operations, as explained in the main text. In particular, we are 
able to create such structures as patch arrays with arbitrarily shaped patches 
on finite ground planes or on finite metal meshes (frequency selective sur- 
faces) including metal lenses. 

Some mesh generators (monopole on a finite ground plane or patch 
antenna/array on a finite ground plane) use Matlab mouse input to enable 
easy identification of the antenna elements. Figure 1.1 gives an example of 
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-0.5 


-0.5 


Figure 1.1. Array of patches on a finite ground plane. 


the finite patch array created in this way (see Problems 10.9 and 10.10 of 
Chapter 10). 


1.5. METHOD OF ANALYSIS AND IMPEDANCE MATRIX 


The method of moments (MoM) used in this text relies on RWG (Rao-Wilton- 
Glisson) edge elements [2]. First, the surface of a metal antenna under study 
is divided into separate triangles as shown in Fig. 1.2a. Each pair of triangles, 
having a common edge, constitutes the corresponding RWG edge element; see 
Fig. 1.2b. One of the triangles has a plus sign and the other a minus sign. A 
vector function (or basis function) 


(/2At)p'@), rinT* 
f(r) =<(1/2A7)p7(r), rin To (1.1) 
0, otherwise 


is assigned to the edge element. Here / is the edge length and A7 is the area 
of triangle 7*. Vectors p* are shown in Fig. 1.26. Vector p* connects the free 
vertex of the plus triangle to the observation point r. Vector p` connects the 
observation point to the free vertex of the minus triangle. 

The surface electric current on the antenna surface (a vector) is a sum of 
the contributions (1.1) over all edge elements, with unknown coefficients. 
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Figure 1.2. Schematic of a RWG edge element and the dipcle interpretation. 


These coefficients are found from the moment equations discussed in Chapter 
2. The moment equations are a linear system of equations with the impedance 
matrix Z. 

The basis function (1.1) of the edge element approximately corresponds to 
a small but finite electric dipole of length d = |r — r“*|; see Fig. 1.26 and e. 
Index c denotes the center of triangle 7*. Thus the division of the antenna 
structure into RWG edge elements approximately corresponds to the division 
of the antenna current into small “elementary” electric dipoles; see Fig. 1.2d. 

In this sense, the impedance matrix Z describes the interaction between dif- 
ferent elementary dipoles. If the edge elements m and n are treated as small 
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electric dipoles, the element Z,,,, of the impedance matrix Z describes the con- 
tribution of dipole 7 (through the radiated field) to the electric current of 
dipole m, and vice versa. The size of the impedance matrix is equal to the 
number of the edge elements. This contribution can be either calculated ana- 
lytically (using the analytical solution for the finite dipole) or by employing 
the electric field integral equation (EFIE) [2,3]. 

The RWG edge elements are, however, more advantageous than the simple 
finite dipoles shown in Fig. 1.2d. In particular, they support a uniform axial 
electric current along a thin metal strip. The corresponding results are pre- 
sented in Chapter 4. This circumstance is important for modeling wire anten- 
nas using the RWG edge elements [5,6]. 


1.6. WIRE AND PATCH ANTENNAS 


Wire antennas are traditionally studied in terms of a one-dimensional segment 
model (numerical code NEC). Theory behind NEC requires a special integral 
equation and a special set of basis functions. Thus there are two different 
models that we must keep track of: one model for conducting surfaces/patches 
and another model for wires [4]. More problems arise when wires and sur- 
faces are joined together [4]. 

To avoid the development and programming of two separate algorithms. 
the potential of RWG boundary elements for modeling wire antennas is inves- 
tigated [5,6]. A wire is represented with the use of a thin strip model having 
one RWG edge element per strip width. The strip width should be four times 
the wire radius [1]. The results obtained are encouraging. Faithful reproduc- 
tion of the surface current distribution, input impedance, and gain are 
observed for dipole and monopole antennas. Therefore both patch and wire 
antennas will be described in the text using the same basis functions—RWG 
edge elements [7,8]. This greatly simplifies the underlying math and Matlab 
source codes for monopole antennas and probe-fed patch antennas. 





1.7, MATLAB LOOPS AND ANTENNA OPTIMIZATION 


Two Matlab loops are discussed in the text: the loop denoting the route of an 
antenna parameter (antenna spacing, phase of the feed voltage for arrays, etc.) 
and the frequency loop. The parameter loop is important for antenna arrays 
(Chapter 6). The frequency loop is important for broadband antennas 
(Chapter 7) and for ultrawideband or pulse antennas (Chapter 8). For large 
antenna structures (when the size of the impedance matrix exceeds 1000 x 
1000) these loop may be rather slow. Matlab offers a wide choice of opti- 
mization routines ranging from the Optimization Toolbox to Neural Network 
Toolbox and a third-party Genetic Toolbox. However, none of them are 
employed in the present text. 
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Table 1.2. Execution Times (Averaged): 3101 x 3101 Impedance Matrix 








Machine Operating System Matlab Tl,min T2, min 
Configuration 
Pentium IV Windows ME Matlab 6 45 2.9 
1.7GHz Release 12 
WT70-EC System 
Board 
1Gbyte RAM 
Same as above Same as above Matlab 4i 2.5 
compiler 
(version 2.1) 
Sarme as above Linux Matlab 6 35 2.5 
(Kernel version Release 12 
2.2.19) 
IBM Netfinity Linux (Kernel Matlab 6 1.5 0.7 
6000R Series 350 version 2.4.14) with Release 12 
4 x 700 MHz Intel support for 
xeon CPUs “symmetric 
2MB cache each multiprocessors” 





1.8. SPEED AND MAXIMUM SIZE OF THE IMPEDANCE MATRIX 


Table 1.2 outlines processor time necessary to fill the impedance matrix Z and 
solve the system of MoM equations for the antenna shown in Fig, 1.1 (air-filled 
patch antenna). The structure has 3101 RWG edge elements and the 3101 
x 3101 impedance matrix. The time required to fill the impedance matrix 
(T1) and the time required to solve the MoM equations (T2) are reported 
separately. For the solution of MoM equations, the built-in Matlab solver 
(Gaussian elimination) is used. In the last case in Table 1.2, shell scripting 
was used to run four Matlab processes simultaneously on a four-processor 
machine, thus cutting the effective time required for one process by a quarter. 

The use of Matlab compiler is discussed in Chapter 2. The discussion on the 
maximum size of the impedance matrix is given at the end of Chapter 6. In 
short, although complex impedance matrixes as large as 5000 x 5000 can still 
be created and saved on the hard drive, it is not possible to obtain a direct 
solution of the matrix equation (Gaussian elimination). An Out of memory 
watning message appears that cannot be handled using the standard Matlab 
help recommendations. The realistic maximum size of the impedance matrix 
should therefore not exceed 4000 x 4000. 


1.9. OUTLINE OF CHAPTERS 


Chapter 2 introduces the scattering algorithm for an antenna. The goal of this 
chapter is to find current distribution on the antenna surface if the incident 
electromagnetic signal is a plane wave of given direction and polarization. The 
scattering of a metal plate, dipole antenna, bowtie antenna, and a slot antenna 
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is considered. The resulting surface current distribution is the major parame- 
ter of interest. All antenna structures in this chapter are created using the mesh 
generator of the Matlab PDE toolbox. 

Chapter 3 discusses near- and far-field parameters of an antenna. The goal 
of this chapter is to find the radiated field if the surface current distribution 
is given. Antenna directivity, gain, and effective aperture are introduced. 
Matlab scripts are discussed that output two- and three-dimensional radiation 
patterns. l 

Chapter 4 introduces the antenna radiation algorithm, which is the combi- 
nation of the codes of Chapters 2 and 3, respectively. The goal of this algo- 
rithm is to find the antenna impedance and the radiated field if the voltage 
signal in the antenna feed is given. The concept of the voltage feed (delta gap) 
is discussed in some detail. The dipole and monopole antennas are the sub- 
jects of investigation. The corresponding antenna structures are created either 
using short custom Matlab scripts (mesh generators) or with the help of the 
Matlab PDE toolbox. 

Chapter 4 also introduces the concept of the receiving antenna and shows 
how to calculate the received voltage when the voltage in the feed of the trans- 
mitting antenna is given. We compare the Friis transmission formula with the 
exact simulation and demonstrate limitations of the Friis formula with regard 
to loss of phase information. 

Chapter 5 applies the antenna radiation algorithm to loop antennas. Single- 
loop antennas include electrically smail-, large-, and intermediate-size loops. 
Center-fed helical antennas are considered, both in the normal and axial mode 
of operation. The antenna structures are created using the corresponding mesh 
generators. The generator scripts can be modified to create a tapered helix, a 
monopole helix on a ground plane, a cavity-backed helix, and so on. 

Chapter 6 discusses the antenna arrays. We consider arrays of dipoles, 
monopoles, and bowties. Important concepts for an array are the multiple 
voltage feeds and the terminal array impedance. Two basic array types— 
broadside and end-fire—are introduced and investigated for a number of 
examples. Chapter 6 introduces the Matlab loop versus a parameter. That 
parameter is either array spacing for a broadside array or the incremental 
phase shift for an end-fire array. We show how to optimize linear end-fire 
arrays of dipoles using this loop. 

The array meshes in Chapter 6 are mostly created using a “cloning” algo- 
rithm for the single-array element. The cloning procedure in Matlab is done 
very simply and requires only a few lines of the code. 

Chapter 7 introduces the frequency loop and shows how to calculate 
antenna parameters over a frequency band. We discuss the concept of a reso- 
nant and broadband antenna, and define the antenna bandwidth. The broad- 
band antennas studied in Chapter 7 are the bowtie antenna and the (plane) 
spiral antenna. The antenna structures are created using the corresponding 
mesh generators. 

Chapter 7 describes a multiple-band antenna—the Sierpinski fractal. The 
antenna structure at various stages of fractal growth is created using the cor- 
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responding mesh generator. The fractal mesh requires certain modification at 
the edges. 

Chapter 8 shows how to compute parameters of a time domain or pulse 
antenna using the frequency loop from Chapter 7 (frequency domain method). 
As an example, we consider a slot antenna of Time Domain, Co., intended for 
UWB pulse transmission. The first frequency loop finds the antenna radiation 
spectrum or, which is the same, antenna-to-free-space transfer function. The 
second frequency loop calculated the received voltage spectrum, or antenna- 
to-antenna transfer function. Based on the transfer function, the received 
voltage pulse is computed for two antennas separated 1m apart and for dif- 
ferent transmitted pulses. The algorithm is based on direct and inverse DFT. 

Chapter 9 covers antenna loading and is rather short. We show that RWG 
edge elements are appropriate to model a resistive (or capacitive or inductive) 
lumped antenna load. The example considered is a loaded dipole. 

Chapter 10 introduces and studies patch antennas. We consider the probe- 
fed patch antennas. The full-wave solution is given for air-filled patch anten- 
nas, without the dielectric. The dielectric is introduced in the approximation 
of an electrically thin substrate. This approximation is valid either at low fre- 
quencies or for low-epsilon dielectrics. The inviting features of this chapter are 
simple mesh generators for the patches on finite ground planes. Multiple and 
parasitic patches and patch arrays on finite ground planes can be generated 
and tested very quickly using Matlab mouse input. 

Every chapter is accompanied by a set of problems. Asterisk after the 
problem number indicates higher complexity. 
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2.1. INTRODUCTION 


A receiving antenna may be viewed as any metal object that scatters an inci- 
dent electromagnetic field (signal). As a result of scattering, an electric current 
appears on the antenna’s surface (Fig. 2.1@). That current in turn creates a 
corresponding electric field. If we cut a narrow gap in the body of an antenna, 
as shown in Fig. 2.1b,a voltage difference will appear across the gap. The voltage 
difference across the gap. or the gap voltage, constitutes the received signal. 
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Incident wave 


a) 





incident wave 


h) 





Figure 2.1. (a) Schematic of the receiving antenna (bowtie antenna); the surface current 
density is shown by white arrows. (b) Antenna cut to create a voltage gap. 


From the viewpoint of energy transfer, an antenna in the receiving mode 
captures (collects) electromagnetic wave energy over a certain area. Then it 
extracts captured power in the voltage gap. Indeed, a very considerable 
amount of energy gets reflected back to free space. 

‘The surface current distribution over the antenna surface is the most criti- 
cal antenna parameter. In this chapter we will calculate surface current dis- 
tributions for various antenna shapes. An incident electromagnetic signal is 
a plane wave whose electric field is 1 V/m. To view those shapes, make a sub- 
directory mesh of the Matlab directory of Chapter 2 (your current Matlab 
directory) and type in the Matlab command window 
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viewer platecoarse 
viewer platefne 
viewer dipole 
viewer bowtie 
viewer slot 








Use mouse-based rotation or type view (azim, elev) to set the best obser- 
-vation angle. Use zoom option to see fine details of the mesh. 

A classical problem—scattering from a thin metal plate at normal inci- 
cence—is considered first. Such a plate is usually employed as a test example 
for many numerical/experimental procedures [1-3]. Then we will test three 
basic antenna shapes: dipole, bowtie, and slot antenna. The presence of a 
narrow voltage gap does not significantly alter the scattering results. 

The scattering algorithm discussed in this chapter is based on the use of the 
electric field integral equation (EFIE). For closed surfaces (sphere, cylinder, 
etc.) the stand-alone EFIE cannot be used at the resonant frequencies of the 
inner cavity. Instead, a combined fieid integral equation (CFIE) or another 
antiresonant technique should be employed [4]. 


2.2. CODE SEQUENCE 


The source code in the Matlab directory of chapter 2 includes relatively short 
Matlab scripts rwgl1.m - rwg5.m. These scripts reflect successive numerical 
steps of the moment method. Before reading this chapter, you may want to 
run these scripts first. The final script will display the surface current distrib- 
ution for a square metal plate. Figure 2.2 shows the flowchart of the code 
sequence. The operation of each script is explained in some detail later in this 
chapter. 

The code sequence in Fig. 2.2 is applicable to different antenna geometries. 
To replace one metal antenna object by another, it is necessary to replace the 
corresponding mesh file name in the starting script rwg1.m. Frequency, elec- 
tric permittivity, and magnetic permeability are specified in the seript rwg3 .m. 
Interestingly, nearly the same sequence of operations is not only valid for 
antenna scattering but also for antenna radiation (Chapter 4, this book). The 
only important difference is that the antenna excitation is given by a voltage 
feed and not by the incident electromagnetic wave. 


2.3. CREATING THE ANTENNAS STRUCTURE 


An important problem is how to create the antenna’s structure. Matlab pro- 
vides several ways of doing so. One is to use the built-in mesh generator of 
the Matlab PDE toolbox, A trial version of the PDE toolbox can be down- 
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Antenna mesh from 











subdirectory mesh 
—— ~rwgi.m 
mesh 1 .mat Creates RWG edge elements 
rwgq2.m 
mesh2.mat | 
rwg3.m \ Computes impedance matrix 
impedance.mat | 
A Determines excitation voltage 
rwg4.m and solves MoM equations 
current.mat | | 
5 Determines and visualizes 
rags.) surface currents 








Figure 2.2. Flowchart of the scattering algorithm of Matlab’s directory of Chapter 2. 


loaded from the Mathworks, Inc. Web site. This mesh generator creates planar 
structures of any (intercepting) rectangles, polygons, and circles, using the con- 
venient graphical user interface (GUI). Delaunay triangulation algorithm is 
used, along with adaptive triangle subdivision. To extend the design to a 3D 
structure it is usually enough to write a short Matlab script involving the 
z-coordinate dependency. 

Another way is to identify the boundary of the antenna structure analyti- 
cally. For example, the dipole can be modeled by a thin strip with four edges. 
Then Delaunay triangulation is applied to that structure, using Matlab 
function delaunay. To approach 3D structures, function delaunay3 (3D 
Delaunay tessellation) may be used. The advantage of this approach is ihat 
we do not need the PDE toolbox and can create arbitrary 3D antenna meshes. 
Many examples of these operations are considered in the following text. Also 
otherwise created meshes can be imported to Matlab in ASCII format. 

We start with the investigation of the first example—a square metal plate 
of infinitely small thickness [1-3]. Although such a plate is not yet the best 
antenna design, it is a convenient (and fast) test for many numerical/experi- 
mental procedures. 

In this chapter the Matlab PDE Toolbox will be employed to create antenna 
meshes. If your machine doesn’t have the PDE toolbox installed, you can 
simply use function viewer filename to examine structure meshes saved in 
subdirectory mesh of this chapter. Make sure that your Matlab current direc- 
tory is the subdirectory mesh. 
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Figure 2.3. Two plate meshes: {a} Nearly equilateral triangles; (b) right triangles. 








First, open the PDE toolbox (command pdetool), and draw a rectangle 
1x 1m. An initial mesh can be generated by clicking on the button A or by 
selecting Initialize Mesh from the Mesh menu. The result is shown in 
Fig. 2.3a (the so-called unstructured mesh). In order to generate a structured 
mesh of right triangles, go to Parameters from the Mesh menu and type the 
maximum edge size as inf. Refine the mesh several times to obtain the result 
of Fig. 2.38. 

To export the mesh to the main workspace, you can select the Export 
Mesh option from the Mesh menu and press the ok button. The Matlab work- 
space will then have three arrays: 





p(2,P)—array of Cartesian node coordinates x and y; the number of 
nodes is P; 


t(4,N)—array of node numbers for each triangle,’ the number of triangles 
is N: 
e(7,Q)—array of boundary edges; the number of boundary edges is Q. 
The array of boundary edges, e, is not actually needed, since it will be 
created automatically when building the Rao-Wilton-Glisson basis functions 


(script rwg1.m)}. The array p should be converted to a more general 3D form 
by adding a coordinate z as follows: 


p(3,:)=0; 


’ The fourth row in the triangle array is the domain number. It can be ignored for a single-domain 
structure (e.g, a plate). 
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Then arrays p and ż are saved in a binary *.mat file using a command 
save filename p t 


This binary file (antenna structure file) is further used as an input to the 
edge generator rwg1.m and to the rest of the code. The subdirectory mesh 
of the Matlab directory of Chapter 2 has two such examples for the 
plate: platecoarse.mat and platefine.mat with 128 and 512 triangles, 
respectively, 

The antenna meshes are observed using function viewer (‘filename’) 
orviewer filename—for example, viewer platecoarse from the same 
subdirectory mesh. This function enables 3D mouse-based mesh rotation 
(Matlab command rotate3d on). 


2.4. RWG EDGE ELEMENTS 


The impedance matrix discussed here was created for the Rao-Wilton- 
Glisson (RWG) edge elements (see Chapter 1 and [1]) and not for the 
triangle patches shown in Fig. 2.3. An edge element includes two triangles 
sharing a common edge. One of them is labeled by a plus sign and the other 
by a minus sign. Figure 2.4 shows three edge elements that contain the same 
triangle T. 

There are more edges than triangles for a given structure. Therefore the 
number of RWG elements, M, is larger than the number of triangles, N, 
(usually by a factor of 1.2 to 1.4). Prior to calculation of the impedance matrix, 
the edge elements shown in Fig. 2.4 should be created. This is done by running 
the Matlab script rwg1.m. More specifically, we should identify all non- 
boundary edges of the antenna mesh and assign two neighbor triangles to 
each edge. 

The discussion why we cannot use single triangles instead of the edge 
_ elements for the electric field integral equation was pursued in [1]. For the 
magnetic field integral equation [4], however, simple triangles (low-order 
boundary elements) are perfectly adequate. Unfortunately, in contrast to the 
electric field integral equation, the magnetic fleld integral equation cannot be 
applied to nonclosed surfaces like the plate [1,4]. 

The starting point for the antenna analysis is the script rwg1. m. This script 
reads the corresponding mesh file from the subdirectory mesh. The mesh file 
name should be specified at the beginning of the code by altering command 
load('’filename’ ). The script counts all nonboundary (interior) edges of the 
mesh, For each nonboundary edge m, two triangles T} attached to it are found 
using a sweep over all triangles. The order of a triangle’s numbering (plus or 
minus) is not important. The output of the script (saved in binary file 
meshi.mat) includes the following arrays: 
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lma 





Figure 2.4. Three RWG edge elements m, m + 1, and m + 2 (with two triangles each), all 
containing the same common triangle T. 


Edge first node number E Edge_(1i,m) 

Edge second node number Edge_{(2,m) 

Plus triangle number TrianglePlus (m) 
Minus triangle number TriangleMinus (m) 
Edge length EdgeLength (m)} 


The length of these arrays is EdgesTotal. The triangle area is calculated 
separately for every single patch using the vector cross-product of two side 
vectors. Simple space averaging of triangle’s vertex points yields the triangle’s 
midpoint (center): 


Triangle area Area (m) 
Triangle center Center (1:3,m) 


The length of these arrays is TrianglesTotal. 

The arrays listed above are, in principle, sufficient to build the impedance 
matrix of the moment method described in Chapter 1. However, the corre- 
sponding integrals can be approximated at triangle midpoints only. This is 
not accurate for near-diagonal terms of the impedance matrix. Moreover such 
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Figure 2.5. Barycentric subdivision of the primary triangle. The triangle’s midpoint is shown by 
a white circle. 


a simplified approach fails for diagonal elements, where infinite impedance 
values will be predicted. A number of methods for the calculation of the im- 
pedance matrix exist [1.6-9], starting with the method of the classic paper [1]. 
These methods employ different ways of integrating over surface triangles. 
Analytical approaches (line integrals and potential integrals) are accurate and 
fast but require extensive preliminary mathematical work. 

An alternative is to use a numerical integration over a triangle [9]. If the 
quadrature points do not coincide with the triangle’s midpoint, no separate 
calculations for the diagonal elements of the impedance matrix are necessary. 
All elements of the impedance matrix can be calculated straightforwardly, 
using the same formula. 

Figure 2.5 shows the so-called barycentric subdivision of an arbitrary tri- 
angle [10]. Any primary triangle from Fig. 2,3 can be divided into 9 equal small 
subtriangles by the use of the “one-third” rule, Further we assume that the 
integrand is constant within each small triangle. Then the integral of a func- 
tion g over the primary triangle 7), is equal to 





Am z : 
| gwas =F glr) (2.1) 
Tor 9 ksl 
where points rj, k = 1,...,9 are the midpoints of nine subtriangles shown in 


Fig. 2.5 by black circles. A,, is the area of the primary triangle. The script 
rwg2.m outputs the subtriangle’s midpoints for each triangular patch in the 
following format: 


9 sub-triangle midpoints Center (1:3,1:9,m) 
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The array length is again TrianglesTotal. After evaluation of the scripts 
rwgl.m and rwg2.m, a binary file mesh2.mat will be created, which con- 
tains all arrays discussed in the present section. In other words, it contains the 
necessary geometric data for the calculation of the impedance matrix. 


2.6. IMPEDANCE MATRIX 


The square impedance matrix determines electromagnetic interaction be- 
tween different edge elements. If edge elements wi and n are treated as small 
but Anite electric dipoles, the matrix element Z, describes the contribution 
of dipole z (through the radiated field) to the electric current of dipole m, and 
vice versa. The size of the impedance matrix is equal to the number of edge 
elements. 

The vast majority of computational work is connected to impedance matrix 
calculations of an antenna structure. Simultaneously the impedance matrix is 
the most common source of program bugs. The impedance matrix does not 
depend on the problem statement (radiation or scatLering); instead, it depends 
on frequency. Frequency, as well as electric permittivity (dielectric constant) 
of free space cand magnetic permeability 4, are specified in the script rwg3 . m. 
Once the impedance matrix (function imomet.m) is programmed correctly, 
the rest of the work usually does not constitute any difficulties. The imped- 
ance matrix of the electric field integral equation has a typical diagonal 
dominance (Fig. 2.6) and is almost entirely imaginary. 

The impedance matrix calculation is implemented in the form of a special 
function impmet saved in the Matlab file impmet.m. This function is called 
from the script rwg3 .m. To speed up the calculations, the impedance function 
is vectorized. The vectorization process requires a few contemporary arrays 
calculated in the seripl rwg3 . m. 

Below we reproduce the derivation of the impedance matrix [1] for the 
RWG edge elements. Quantitatively the impedance matrix of the electric field 
integral equation is given by 


Loan = lal JOCA nn . Par /2 + Abn . pi 2) + Pio ~~ Pal (2.2) 


where indexes m and n correspond to two edge elements; (-} denotes the dot 
product. /,, is Lhe edge length of clement m2; pi are vectors between the free 
vertex point, v;,,and the centroid point, rf, of the two triangles TŁ of the edge 
element m, respectively. p> is directed away from the vertex of triangle Ta. 
whereas ps; is directed toward the vertex of triangle Tm see Fig. 1.2 of the pre- 
ceding chapter. 

The vectors p,” are not yet included in the set of key arrays discussed in 
the previous section. However, they are easily expressed through the known 
quantities using two simple formulas: 
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Figure 2.8. Surface plot of a block (24 x 24 elements) of an impedance matrix {imaginary part) 
for a plate. The white color corresponds to larger impedance magnitudes. 


Pn = _ Un = Vi ` Pr = hn +O», (2.3) 


The expressions for vector A and scalar ® have the form [1] (A is the mag- 
netic vector potential and @ is the scalar potential) 
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The arrays in Eqs. (2.2) to (2.4) are (the index can be either m or 7) 


Ln EdgeLength tm} 
ps RHO_ Plus/Minus (1:3,m) 
p? RHO__Plus/Minus(1:3,1:9,m) 


The array length is EdgesTotal. These arrays are also calculated in the script 
rwg2.m and saved in the binary file mesh2 . mat. 

Each of the integrals in (2.4) is calculated using the quadrature formula 
(2.1), which employs subtriangle arrays from the previous section. The result- 
ing Matlab code in the script impmet .m follows Eqs. (2.1) to (2.4), and it is 
rather compact, since we are using symbolic vector-matrix multiplication. The 
script rwg3.m outputs the frequency and the impedance matrix into the 
binary file impedance.mat. It is worth nothing that because large meshes 
consume large memory, the format single can be used for the impedance 
matrix storage. 

The script xwg3 .m might require substantial CPU time (about 17 seconds 
to fill a 736 x 736 impedance matrix on a Pentium IV 1.7GHz processor). 
Interested readers could try to modify it in a number of ways in order to speed 
up the impedance matrix calculation. The easiest way is to keep Eq. (2.1) for 
“crossing” terms only. These terms include the diagonal terms of the imped- 
ance matrix, Zma as well as the neighboring edge elements with the common 
triangles. For the other edge elements, integral (2.1) may be replaced by a one- 
point interpolation 


| gaS = Angli) (2.5) 


Fan 


This modification can speed up calculations by two to four times the usual rate, 
but presumably accuracy is compromized. 


2.6. MOMENT EQUATIONS AND SURFACE CURRENTS 


The surface current density on a surface § of the plate or on other perfectly 
electrically conducting (PEC) structures is given by an expansion into RWG 
basis functions (see Eq. (1.1) of Chapter 1) over M edge elements [1]: 


M (in /2 Ay Joa (r), rin Ta 
B= län be =\Cn/2An)pn@. rin Ta (2.6) 
m=] 0, otherwise 


If S is open, we regard J as the vector sum of surface currents on opposite 
sides of S. The units of J are A/m. The expansion coefficients fẹ form vector 
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Figure 2.7. Incident field geometry for the plate. 


I, which is the unique solution of the impedance equation (or the moment 
equation } 


Z1=V (2.7) 


where the M x M impedance matrix Z is computed by running the script 
rwg3.m as explained in the previous section. V is a voltage excitation vector. 
When a scattering problem is considered, the voltage vector is expressed by [1] 


Vin = bE po /2+E;,- ps /2), EASES)  mel..M (2.8) 


where E*™ is the electric field of an incident electromagnetic signal; (-) denotes 
the dot product. The voltage excitation vector is similar to the circuit voltage 
but has units of V-m. 

For the plate we will assume that the incident signal is a plane wave directed 
perpendicular to the plate (normal incidence). The plane wave in Fig. 2.7 has 
only one £-component in the x-direction, E* = [£, 0 0], and this component 
is equal to £, = 1 x exp(-jkz) V/m, where k = w/c is the wave number. If the 
plate is located at z = 0, then E” = [1 0 0] V/m. Vector [1 0 0] describes the 
polarization of the plane wave. 

The script rwg4.m first determines the excitation voltage vector using Eq. 
(2.8). After that, the system of equations (2.7) is solved using one of the built- 
in Matlab matrix solvers. The simplest way to obtain the solution ts by matrix 
inversion, T=inv(Z)}*V. In practice, however, it is hardly necessary to form 
the explicit inverse of a matrix. A better way, from both an execution time and 
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numerical accuracy standpoint. is to use the matrix division operator I=Z\V 
(left matrix divide). V should be a column vector; if this is not the case, the 
transpose V.’ is used. This produces the solution via Gaussian elimination 
without forming the inverse. If the matrix size is larger than 4000 x 4000, using 
an iterative procedure like generalized minimum residual method (GMRES) 
[11] is recommended. Matlab function gmres is much faster than Gaussian 
elimination when the number of iterations is relatively small (10-50). The 
script rwg4.m outputs current coefficients /,,, vector V, and the correspond- 
ing frequency parameters. The script output is saved in the binary file 
current.mat. 


2.7. VISUALIZATION OF SURFACE CURRENTS 


The expansion coefficients J, in Eq. (2.6) are not yet the surface current. The 
surface current density, J,, for a given triangle & is obtained in the form 


‘ld 
Jy = X Ly Ë, (r), rin T (2.9) 


me] 


A maximum of three edge elements contributes to triangle &. The script 
rwg5.m calculates and plots the resulting surface current density on the 
plate surface. Since this script is intended for arbitrary 3D structures, it 
uses fill3 plot and mouse rotation, Figure 2.84 shows the surface current 
distribution (the dominant x-component of the surface current density} that 
results if you run scripts rwg1.m - rwg5.m for the structure platecourse. 
If you refine the mesh (replace platecoarse by platefine in script 
rwg1.m) and then run the sequence again, the result should look like Fig. 2.8. 

The y-component of the surface current in Fig. 2.8 is small in comparison 
with the x-component, so it 1s not shown there. It might appear, at first sight, 
that the results of Fig. 2.8@ and b are rather contradictory. The reason for this 
is that the surface current in the middle of the plate appears to be higher in 
Fig. 2.84, whereas the surface current peaks are closer to two horizontal edges 
in Fig. 2.86. As a matter of fact such a difference is due to a singular behav- 
ior of the current at two horizontal edges of the plate where its value tends to 
infinity in an ideal case. 

The more boundary elements we have, the higher the currents at the bound- 
ary are. When the color bar extends from the minimum to the maximum 
current magnitude, as is the case in Fig. 2.8, then the current on the rest of the 
plate appears smaller in comparison with these high values. This is why the 
middle of the plate seems “darker” in Fig. 2.85 than in Fig. 2.84. 

To put some numbers on these data, we consider two plate cuts: at AA’ and 
BB’, as shown in Fig. 2.9a. Figure 2.9) shows the surface current distribution 
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Figure 2.8. The surface current distribution, |J,|, on a 1x 1m plate at a frequency of 300MHz 
(plate length is equal to wavelength}. The white color corresponds to higher current magnitudes. 
{a) 176 edge elements; (b) 736 edge elements. 
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Figure 2.9. Distribution of the dominant component of surface current, |J.|, across the 14 
square flat plate with 736 edge elements. (a) Two plate cuts; (b) co-polar current |J,| (solid line). 
The corresponding results of [2] are shown by stars. 


along these cuts, normalized to the incident magnetic field (platefine. mat). 
For the plane wave described in Section 2.6, such a normalization implies mul- 
tiplication by a factor 


n= pe ~3772 (2.10) 
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that is, by the free-space impedance. Also shown for comparison are the cor- 
responding results reported in [2]. They are related to 56 edge elements 
instead of 736 edge elements used here. 

It is evident that the present calculation and the calculation for 56 edge ele- 
ments coincide well everywhere except at the plate edges. Such a discrepancy 
must be expected in accordance with the preceding discussion. Figure 2.95 is 
generated using the script rwg6.m included in the Matlab directory of 
Chapter 2. After the sequence rwg1.m - rwg5.mis complete, you may want 
to run this script to obtain Fig. 2.9. Do not forget to use platefine as the 
input antenna structure to script rwgl.m. The scripts that have a number 
larger than 6, such as rwg6.m and rwg7.m, are supplementary, so they are 
not included in the main code chart (sce Fig. 2.2). 

Note that a simulation for the mesh platefine.mat with 736 edge ele- 
ments requires about 17 seconds to calculate the impedance matrix (script 
rwg3.m) and 2.5 seconds to salve the MoM equations {script rwg4 . m). These 
results are obtained on a PC with a PIV 1.7GHz processor and 1 Gigabyte 
RAM. 

A way to increase the speed using the Linux version of Matlab or the 
Matlab compiler will be considered below in Sections 2.11 and 2.12. 


2.8. INDUCED ELECTRIC CURRENT OF A DIPOLE ANTENNA 


Although the case of the plate is worthy of note for the scattering purposes 
and radar cross-sectional modeling [5], the plate itself is hardly to be used as 
an antenna. A problem arises when we try to introduce the voltage gap into 
the plate as described in Section 2.1. 

The simplest practical antenna is a thin straight wire, whose direction coin- 
cides with the direction of the incident electric field, E’. It does not matter if 
we are using a cylindrical wire or a thin strip of equivalent thickness (see 
Chapter 4 below). 

A thin long strip of 2m length and 0.05m width is created in the PDE 
toolbox. The corresponding file is dipole.m saved in subdirectory mesh, To 
load this file, simply type dipole in the Matlab command window. Make sure 
you set correctly the Matlab path. Then select the Export Mesh option from 
the Mesh menu and press the ok button. The rest of the commands should be 


p(3,:)=0; 
save dipole p t; 
viewer dipole; 


A binary mat file dipole.mat will then be created containing the necessary 
mesh data. 

If your machine doesn’t have the PDE toolbox, you can just type viewer 
dipole to examine the already created dipole mesh. Figure 2.10 shows the 
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Figure 2.10. Thin-strip (dipole) mesh and the incident field geometry. 


result. The plane wave incidence is shown by the arrow. Although the inci- 
dence direction coincides with that of the plate, the wave polarization in the 
script rwg4.m is chosen different: the £-field is now directed along the y-axis 
(the dipole axis). 

The most popular choice is the dipole whose length (2m in our case) is 
equal to half the wavelength of the incident wave. Thus, for the wavelength A 
= 4m, the frequency, f; of the incident field should be f= c/A = 75 MHz. 

Now we have to change the code sequence rwgl-rwg5.m in order to 
model the dipole antenna instead of the plate. To account for these changes, 
we return to the Matlab root directory of chapter 2. First, script rwg1.m 
has to be changed, where the input file name should be given in the form 
load (‘mesh/dipole’). Second, we change frequency from £=3e8 to 
£=75e6 in the script rwg3.m. Finally, the polarization of the incident signal 
must be changed. This is done in the script rwg4 . m. The polarization was given 
by the vector Pol=[1 0 0], which corresponds to Fig. 2.7. To make it cor- 
respond to Fig. 2.10, we should type Pol=[0 1 6] in the script rwg4.m. Be 
sure to save the corresponding Matlab scripts after the changes are made. 

The code sequence rwgl.m - rwg5.m is then executed, similar to 
the case of the plate. Figure 2.1la shows the resulting surface current dis- 
tribution of the dipole antenna. The y-component of the current, along the 
dipole axis, dominates. Most noticeable is the maximum surface current in 
the middle of the dipole. This is exactly the place where we should introduce 
a voltage feed in order to convert a metal strip or wire to the real dipole 
antenna. 
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Figure 2.11. Magnitude of the surface current density along the half-wavelength strip. (a) Inci- 
dent electric field is directed along the strip axis: (b) incident electric field is perpendicular to 
the strip axis. Tne white color corresponds to higher current magnitudes. 


In order to estimate the magnitude of the surface current. the script 
rwg5.m outputs the maximum surface current density in A/m. In the case of 
Fig. 2.114, the value of 0.2855 A/m is obtained. The incident electric field 
always has the amplitude of 1 V/m. The maximum current in the middle of the 
dipole is thus 0.2855 A/m x 0.05m = 14 mA. 

However, if the polarization of the incident signal is changed to [1 0 0], 
the maximum current density magnitude drops down to 2.36 x 107 A/m, which 
is more than a factor of 1000 (Fig. 2.115). This means that the dipole antenna 
is receiving nothing! Thus the dipole antenna is capable of receiving those 
signals whose Æ-field has a component parallel to the dipole axis. Such anten- 
nas are known as polarized antennas or antennas with /inear polarization [12, 
pp. 66-69]. 
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In the script rwg5.m, the color bar always extends from minimum to 
maximum surface current magnitude. In Fig. 2.11, however, we used the same 
scale for the surface current density in both panels a and b. To introduce such 
an absolute scale the surface current should be normalized versus a given 
value in the script rwg5.m. 

The dipole antenna can be scaled versus its size and frequency. For example, 
the 2m long strip with the width of 5cm at 75 MHz gives the same current dis- 
tribution form as the 20cm long strip with the width of 5mm at 750MHz. 
Indeed, the absolute current magnitudes will be different. 


2.9. INDUCED ELECTRIC CURRENT OF A BOWTIE ANTENNA 


The next example is a bowtie antenna shown in Fig, 2.12. The antenna length 
is 0.2m and the flare angle is 90°. The width of the neck is 0.012m. The struc- 
ture is again created using PDE toolbox and polygon tool. The corre- 
sponding PDE file bowtie.m is saved in subdirectory mesh. To precisely 
adjust the polygon dimensions. one can open bowtie.m in the Matlab editor 
and change the vertex coordinates manually. Other manipulations are identi- 
cal to these from the previous section. 

To investigate the bowtie antenna instead of the dipole, we first set load 
(‘mesh/bowtie’) inscript rwg1.m. Second, since the length of the antenna 
is 10 times smaller than the dipole length, we change frequency from £=75e6 
to £=750e6 in the script rwq3.m. The code sequence rwgl.m - rwo5.m 


Incident wave 


gine 


Hine 





Figure 2.12. Bowtis-antenna mesh and the incident field geometry. 
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Figure 2.13. Magnitude of the surface current for the bowtie antenna at 750 MHz. (a) The inci- 
dent field is directed along the antenna axis; (b) the incident field is perpendicular to the axis. 
The white color corresponds to higher current magnitudes. 


is then executed. Figure 2.13 shows the resulting surface current distribution 
on the antenna surface. 

If the incident signal is polarized along the y-axis, namely Pol=[0 1 0], 
the maximum current density appears in the area of the anticipated antenna 
feed (the neck area in Fig. 2.13a). However, if the incident signal is x- 
polarized, which is Pol=[1 0 0] in the script rwg4.m, the maximum current 
density appears at the edge of the antenna and is considerably smaller (Fig. 
2.13h). The entire current distribution resembles that of a square plate (Fig. 
2.8). The bowtie antenna is thus linearly polarized, similar to the dipole. Note 
that in Fig. 2.13 we use separate (maximum to minimum) scales for the surface 
current density in each panel (a, b). 

For the bowtie antenna in Fig. 2.13a, the script rwg5.m predicts the 
maximum current 0.074 x 0.012 ~ 0.012mA in the antenna feed. This value is 
considerably smaller than the corresponding result for the dipole (13mA). The 
reason for the difference is that the dipole is 10 times longer than the bowtie 
antenna. If the dipole and the bowtie antenna will have the same lengths, com- 
parable results must be obtained. 


2.10. INDUCED ELECTRIC CURRENT OF A SLOT ANTENNA 


A simplest slot antenna is a slot cut in a flat sheet metal surface shown in 
Fig. 2.14. The slot antenna may have a very narrow central voltage gap. To sim- 
ulate this gap, we introduce a junction in the middle of the gap as shown in 
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Figure 2.14, Slot-antenna mesh and the incident field geometry. 


Fig. 2.14. The length of the slot in Fig, 2.14 is 2m, the width is 0.06m, the length 
of junction bridge is 0.06m, and the plate size is 3 x 3m. 

To model the antenna shown in Fig. 2.14 using the Matlab PDE toolbox, 
a rectangle plate 3 x 3m is first created. Two raw slotlike polygons are then 
drawn inside the rectangle {top and bottom slots) using polygon tool. 
To precisely adjust slot dimensions, we can open the corresponding m-file 
(slot.m) in the Matlab editor and change the vertex coordinates. Then we 
export the mesh into the main work space using the Export Mesh option 
from the Mesh menu. To create the binary file slot .mat the following com- 
mands are used again: 


p(3,:)=0; 
save slot p t; 
viewer slot; 


For the slot antenna mesh, the array of triangles, /, will provide, in its fourth 
column, the domain number. All triangles of the plate except two slots belong 
to domain 1, triangles within the top slot belong to domain 2, and triangles 
within the bottom slot belong to domain 3. 

The domain information is contained in files slot.m (the PDE toolbox 
file) and slot.mat (the binary mesh file), both in subdirectory mesh. To “cut” 
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those two slots, all triangles having a domain number greater than 1, should 
be omitted. Such a procedure is done by default in scripts rwgl.m and 
mesh/viewex.m. The output of command viewer slot is demonstrated 
in Fig, 2.14. The mesh has 816 triangles and 1176 edge elements, and it is the 
largest antenna structure considered so far. 

To investigate the slot antenna, we set load(‘mesh/slot’) in the script 
rwgl.m and make sure that £=75e6 in the script rwg3.m (frequency is 
75MHz). The code sequence rwgl.m - rwg5.mis again executed when the 
incident signal is polarized in the directions y (Pol=[0 1 0])andx(Pol=[1 
0 6] ). respectively. The polarization vector must be specified in the script 
rw4 mat. The simulation requires about 40 seconds to calculate the imped- 
ance matrix (script rwg3.m) and about 10 seconds to solve the MoM equa- 
tions (script rwg4 .m). These results are for a PC with PIV 1.7 GHz processor. 
Figure 2.15 shows the resulting surface current distribution on the antenna 

gurtace. 
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Figure 2.15. Magnitude of the surface current for the slot antenna at 75 MHz. (a) The incident 
field is directed along the slot axis; (b) the incident field is perpendicular to the slot. The white 
color corresponds to higher current magnitudes. 
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Figure 2.16. Enlarged area of the slot from Fig. 2.15. (a) The incident field is directed along 
the slot axis; (b) the incident field is perpendicular to the slot. 


Surprisingly, nothing really happens when the incident electric field is 
directed along the y-axis or the slot axis (Fig. 2.15@). The current in the slot 
junction is very close to zero (the junction is “dark”), and the entire slot 
antenna just behaves like a solid plate shown in Fig. 2.8. Such a situation is 
exactly the opposite of the dipole excitation from Section 2.8. However, if the 
incident wave is x-polarized, then a large surface current flows through the 
gap (Fig. 2.155). To better show these differences, Fig. 2.164 and b is provided 
with an enlarged area of the slot. 

For the slot antenna of total length 2m in Fig. 2.15 or in Fig. 2.165, the 
script rwg5.m predicts the maximum current 0.179 x 0.06 = 11mA in the 
antenna feed. This value is quite similar to the result for the dipole of the same 
length (14mA). Thus the dipole and slot antennas can be considered as “elec- 
tric” and “magnetic” complementary antennas: a slot can be interchanged with 
the dipole of the same length, if we simultaneously interchange polarization 
(replace the electric field by the magnetic field). The slot and the dipole there- 
fore constitute two linearly polarized complementary antennas with the per- 
pendicular polarization directions [12, pp. 618-619}. 

A coplanar combination of the slot and the perpendicular dipole will thus 
receive a signal of any polarization. Such a combination is frequently used in 
the patch antenna design (see Chapter 10) [13]. 
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2.11. USING THE MATLAB COMPILER 


To create C or C++ stand-alone applications from Matlab scripts of this 
chapter, you must have the Matlab compiler and Matlab C/C++ Math library 
installed on your machine. No separate C compiler is needed, since an ANSI 
C compiler is already included with Matlab. We will consider only one exampic 
that involves the script rwg3.m, This script is the most time-consuming part 
of the code sequence. 

First, we copy scripts rwg3.m and impmet.m into the subdirectory mat- 
labcompiler of chapter 2. The script code should be slightly modified in 
order to enable the compilation. The Matlab compiler cannot compile script 
files such as rwq3.m, nor can it compile a function m-file that calls a script 
[14]. Therefore we must convert the script rwg3 .m into a function by adding 
a function line at the top of it, namely 


function [] =rwg3 


It also makes sense to add a line like pause (10) at the end of the code to 
prevent the DOS application from immediately closing when the program is 
finished. After that the code is ready for compilation. To create the stand-alone 
C application, the following command line should be entered [14]: 


mec -m rwg3 


This command generates (1} C source codes such as rwg3.c plus C headers 
such as rwg3.h and (2) the executable DOS file rwg3 . exe. You can copy 
the executable file into the root directory Matlab of chapter 3 and run this file 
using Windows Explorer. A DOS window will be open while the program is 
running. After the program is finished the DOS window will be automatically 
closed. The file rwg3 . exe performs exactly the same task as rwg3 .m does: it 
reads the structure data, calculates the impedance matrix, and saves the imped- 
ance matrix into the binary file impedance.mat. 

Itis worth to compare the execution times when using the Matlab compiler. 
A test with the structure slot.mat from subdirectory mesh (slot antenna 
with 1176 RWG elements) shows that that the processor run time for the script 
rwg3.m is 40.5 seconds (averaged over several runs). The execution time 
for rwg3 . exe is 35.4 seconds (averaged over several runs). A PC with PV 
1.7GHz processor and 1 Gigabyte RAM is used for comparison. The increase 
in speed is therefore 13%. 

Similar results were obtained for other structures, with both smaller and 
larger number of boundary elements. We also tested the relative performance 
of rwg3 . exe and rwg3 . a11 (created with mee -x rwg3) and did not find 
any significant difference. Moreover rwg3.d11, which runs in the Matlab 
environment, seems to be slightly slower than rwq3.exe. Note that the 
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Matlab compiler manual [14] claims the 33% increase in speed for a code that 
handles a smaller amount of data [14, pp. 3-3/6]. 


2.12. USING MATLAB FOR LINUX 


The impedance code of the present chapter was tested when running the Linux 
version of Matlab (Kernel version 2.2.19). No changes need to be made in the 
code to run it under Linux. The impedance code rwg3 .m appears to be slightly 
faster when it runs under Linux compared to Windows ME. Using Matlab 
compiler under Linux had almost no effect on the code performance. 


2.138. CONCLUSIONS 


In this chapter, scattering of basic antenna shapes has been investigated. We 
have shown how the induced electric current is distributed on the antenna 
surface and introduced the concept of the recetving antenna. The surface 
current distribution helped us to identify a most appropriate place for the 
antenna feed. The concept of the antenna feed will be further explored in 
Chapter 4. 

The surface current distributions also indicate that linearly polarized anten- 
nas considered in this chapter can only receive signals of certain polarizations. 
In the worst case, they do not receive anything even though the electromag- 
netic signal is present. 

The plane antenna shapes were all generated using the Matlab PDE toolbox. 
In a similar fashion, a variety of planar meshes can be created, including more 
sophisticated strip, slot, and fractal antennas. 3D surface meshes require either 
a custom formula for the z-coordinate, namely z = f(x, v), or using 3D Delau- 
nay tessellation implemented in Matlab function delaunay3. 

Since 3D surface mesh capabilities of the Matlab PDE toolbox are rather 
limited, a number of short custom Matlab scripts (for helical antennas, spiral 
antennas, microstrip antennas and arrays, etc.) will be created in the following 
chapters. 

The scattering algorithm considered in this chapter and the radiation algo- 
rithm considered in Chapter 4 constitute the background of the antenna mod- 
cling by the moment method. The scattering algorithm is used not as 
frequently as the radiation algorithm. Instead, a power transmission formula 
(or Friis transmission formula [{12]) is usually employed, which gives us the 
magnitude of the received voltage and received power if the antenna imped- 
ance is already known (Chapter 4 below). 

However, the Frits transmission formula is unable to predict the phase 
of the received signal. The phase information is of little importance for CW 
(contmuous wave) transmission. However, this is important for modern ultra- 
wideband (UWB) pulse transmission. Therefore the value of the scattering 
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algorithm increases when we consider time domain pulse antennas. An 
example will be considered in Chapter 8. The scattering algorithm is also 
applied to study passive microwave devices such as reflectors, waveguides, and 
frequency selective surfaces. 


It should be emphasized again that the scattering algorithm considered in 


this chapter and the radiation algorithm considered in Chapter 4 are almost 
the same. Only one Matlab script (rwg4.m) needs to be changed slightly in 
the basic code sequence rwg1 .m-rwg5.m to account for the antenna radia- 
tion instead of scattering. 
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PROBLEMS 


2.1. 


2.2. 


2.3. 


2.4, 
2.5. 


2.6. 


2.7. 


2.5. 


2.9,* 


For a 1 by Im flat plate (structure platefine.mat in subdirectory 
mesh) at normal incidence of a plane wave at 600 MHz (field intensity 
is 1 V/m}, plot the surface current distribution and compare the result 
to the case of plane wave incidence at 300 MHz (Fig. 2.8}. The polar- 
ization of the incident wave is [1 0 0]. 


For a 1 by Im flat plate (structure platefine.mat in subdirectory 
mesh) at normal incidence of a plane wave at 900 MHz (field intensity 
is 1 V/m), plot the surface current distribution and compare the result 
to the case of plane wave incidence at 300 MHz (Fig. 2.8). The polar- 
ization of the incident wave is [1 0 0]. 


For a 2 by 0.05m strip dipole (structure dipole .mat in subdirectory 
mesh) at normal incidence of a plane wave at 250 MHz, plot the surface 
current distribution and compare the result to the case of plane wave 
incidence at 75 MHz (Fig. 2.11). Estimate the maximum total current 
along the dipole axis. The total current is obtained as the product of 
the strip width and maximum surface current density. The polarization 
of the incident wave is [0 1 0}. 


Repeat Problem 2.3 if the frequency of the incident wave is 450MHz. 


Generate a mesh corresponding to a circular disk of 1m in diameter 
shown in Fig. 2.174. For a normally incident plane wave at 300 MHz, 
plot the surface current distribution. 


Generate a mesh for a planar slot reflector shown in Fig. 2,176 and used 
in skeleton-slot antennas [13, pp. 17-5~17-6]. For a normally incident 
plane wave at 150MHz determine the surface current distribution. 
Consider the cases where the polarization of the incident wave is [1 0 
O] and [0 1 0], respectively. 


The length of the bowtie antenna (structure bowtie.mat in subdi- 
rectory mesh) is 0.2m. Increase the size of the antenna by a factor of 
10. Save the new mesh in binary file bowtiel.mat, and plot the 
antenna structure. 





The axis of a dipole antenna (structure dipole.mat in subdirectory 
mesh) coincides with the y-axis. Redirect the antenna so that its axis 
now coincides with the z-axis. Reduce the strip width to 0.025m. 
Save the new mesh in the binary file dipolel.mat and plot the 
antenna structure. 


A narrowband antenna should receive and transmit maximum power 
at a given frequency. Create a mesh for a dipole antenna that gen- 
erates maximum induced current if the frequency of incident wave 
is 32,5 MHz. Save the new mesh in the binary file dipole2.mat. 
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Figure 2.17. Two test planar meshes. (a) A circular disk of 1m in diameter; (b) a slot reflector 
of 0.5 x 0.5m, 


2.10,* 


2.11. 


2,12. 


Calculate the total induced current in the area of the anticipated 
voltage gap (antenna feed). 


A broadband antenna should receive (and transmit) the signal over a 
large bandwidth from 75 to 450MHz. Possibly low variations of the 
induced electric current in the area of the anticipated voltage gap 
(antenna feed) might be required. What antenna type is more suitable 
for broadband applications: a 2m long dipole or a 2m long bowtie? 
Hint: Create the plot of the maximum current density versus frequency 
and calculate the standard deviation. Use 10 frequency points. 


For a 3.0 by 3.0m slot antenna (structure slot in the subdirectory 
mesh) calculate the total induced current through the slot junction 
when the angle between the direction of the incident wave and the x- 
axis is 45°. The frequency of the incident wave is 75 MHz; its polariza- 
tion is [1 0 0]. Compare the obtained value to the value obtained 
at normal! incidence in Fig. 2.15, Hint: The wave vector should be 


kv=k* [+cos(p1i/4) 0 -cos(pi/4)]; 
in the script rwg4.m. 


Compare execution times of the script rwg3 .m with and without using 
Matlab complier for the structure slot.mat. 
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Problems 


3.1. INTRODUCTION 


A voltage in the feed of a transmitting antenna creates a surface current 
density that flows on the antenna surface (Fig. 3.1). This current density 
radiates an electromagnetic signal into the free space. The situation with the 
transmitting antenna is directly the inverse of the receiving antenna model 
considered in the preceding chapter. In Chapter 2 we calculated the induced 
current on the antenna surface due to an incident clectromagnetic signal. In 
the present chapter we will calculate the radiated electromagnetic signal due 
to a given surface current distribution on the antenna surface. 

A given surface current distribution on the surface of a metal object will 
be assumed in this chapter. Starting with this assumption, we will find the radi- 
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Figure 3.1. Schematic of antenna radiation (bowtie antenna). The surface current density is 
shown by white arrows. 


ated electromagnetic signal at any spatial point, both in the far and near field 
of the antenna. 

The feed voltage is, however, not the only source of the induced current on 
the antenna surface. Alternatively, the surface current may be excited by an 
incident (outer) electromagnetic signal, as discussed in Chapter 2. In this case 
we will calculate the scattered (reflected) signal as shown in Fig. 3.2. The algo- 
rithm is the same in both the cases. Only the origin of surface currents is dif- 
ferent: either the antenna feed or an incident electromagnetic wave. 

Although the present algorithm is applicable to both transmitting antennas 
and scattering targets, more attention will be paid to transmitting antennas. In 
particular, the far-field characteristics of a transmitting antenna will be intro- 
duced. A more detailed discussion of the far-field parameters (e.g., radar cross 
section) of the scattering problem will be pursued in the following chapters. 


3.2. CODE SEQUENCE 


The source code in the Matlab directory of Chapter 3 includes short Matlab 
scripts efield1.m - efield3.m. They calculate different parameters of the 
radiated field, starting with the E-field and H-field at a point (script 
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Figure 3.2. Schematic of scattered field created by induced surface currents (bowtie antenna). 
The surface currant density is shown by white arrows. 


efield1.m \ Computes field at a point 
Computes radiation 
Antenna mesh (mesh2.mat) -a efield2.m intensity over sphere 
Antenna current density (current.mat} surface 
N, Computes radiation 
efieid3.m \ or scattering pattern(s) 


Figure 3.3. Flowchart of ihe Matlab scripts of chapter 3. 


efieldL.m) and continuing to the radiation intensity distribution over a large 
sphere surface (script efie1d2 .m) and radiation patterns in the azimulthal and 
polar planes (script efield3.m). Figure 3.3 gives the flowchart of the code 
sequence. 

All three scripts import two binary data files. These files are the antenna 
mesh with the RWG boundary elements (mesh2.mat} and the correspond- 
ing surface current distribution (current .mat). These input files are either 
generated by the scattering algorithm of Chapter 2, or by a radiation algorithm 
of Chapter 4 below. Two such input files (the dipole example from Chapter 2) 
are included in the Matlab directory of the present chapter. 

All three scripts efeldi.m - efield3.m use the function point .m that 
implements the dipole algorithm for the radiated field discussed below. Before 
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reading further, you may want to run scripts efield2.mand efield3 .m. These 
scripts will display the 3D radiation intensity distribution and a radiation 
pattern for a dipole antenna. 


3.3. RADIATION OF SURFACE CURRENTS 


Once surface currents are known on the antenna surface, a radiated electro- 
magnetic signal in free space can be found by a number of approaches. We are 
generally interested in the value of the electric field, E, and magnetic field, H, 
at any spatial point, including both near and far field. In the near field, E and 
H are independent and should be calculated separately. 

One method is to use the electric and magnetic field integral equations, with 
the observation point located somewhere outside the antenna surface [1-2]. 
While for the electric field integral equation only a straightforward modi- 
fication of the integrals programmed in Chapter 2 is necessary (cf. Eq. (1) 
of Ref. [3]), the magnetic field integral equation should be programmed 
separately. This makes the algorithm for the radiated field rather cumbersome 
and slow. 

Another approach, of nearly the same computational accuracy, is the so- 
called dipole model [4]. In the dipole model the surface current distribution 
for each RWG edge element containing two triangles [3] is replaced by an 
infinitesimal dipole, having an equivalent dipole moment or strength (Fig. 3.4). 
The radiated field of a small dipole is the well-known analytical expression [5, 
pp. 134-135; see also 6-8]. The total radiated field is then obtained as a sum 
of all these contributions of infinitesimal dipoles. 

To find the equivalent dipole moment, we refer to notations of Ref. [3] and 
consider a RWG element m with two inner triangles Ti adjacent to the edge 
of length l, (Fig. 3.5). The dipole moment, m, which is the product of an effec- 
tive dipole current and effective dipole length [9], is obtained by the integra- 
tion of the surface current, corresponding to edge element i, over the element 
surface: 


m= Í r (rd = J Ë, (rds = Lin fy, (E ~ vr) (3. 1) 


Fmi PAHE 


Figure 3.4. Schematic of the dipole approximation for a surface current distribution [4]. 
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Figure 3.5. Dipole model for a surface current associated with RWG edge element m. 


Here f,,(r) is the RWG basis function corresponding to element m. The surface 
current cocfficients /,, are known from the solution of the moment equations 
(Chapter 2, Eq. (2.7)). The derivation of integral (3.1) is discussed in Ref. [3]. 
Note a misprint in Eq. (8) of Ref. [3]: it should be rj — rif instead of ra — ry 
there. The product Lf is associated with the dipole current, whereas the effec- 
tive dipole length, /. is given by |r, — ra] and is shown in Fig. 3.5. 

The radiated magnetic and electric fields of an infinitesimal dipole located 
at the origin [5] are expressed at a point r in terms of vector notations as 


to 


h . 
H(r) = im xr, C= 
47 








mL kr | 
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(3,2b) 
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Here r = |r|; 7 = y u/e = 377Q is the free-space impedance. Equations (3.2) 
are the exact expressions, without any far-field approximations. Therefore they 
are valid at arbitrary distances from the dipole, and not only in the far field. 
The practical limitation of the dipole model is thus restricted by a size of the 
RWG edge elements. If the observation distance is on the order of dipole 
length (on the order of RWG element length), then the model of the infini- 
tesimal dipole performs poorly. 
The total electric and magnetic field at a point r are obtained as a sum 


E(r) = ÈE, [rs +E | Hír) = DH, [rr te) (3.3) 
m=] = w=] . 


over all edge elements. Equations (3.1) to (3.3) are programmed in the Matlab 
function point.m, that is used in the scripts efieldl.m, efield2.m. and 
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efieid3.m. Like the impedance function impmet .m, this function is vector- 
ized to speed up the calculations. 


3.4. FAR FIELD 


The results could be somewhat simplified in the far field, at large radial dis- 
tances ¢ from the antenna or a scatterer. When viewed from a global per- 
spective, the field fronts in that zone have spherical form. However, when 
viewed over a small range of angles, these fronts appear planar, which is one 
indication that they can be approximated as plane waves. E and H are per- 
pendicular both to each other and to the direction of propagation. Namely a 
right-hand coordinate system is formed by the £- and A-field vectors and the 
direction of propagation. More precisely [5, pp. 125-126] 


E(r) = nH(r) x ay Hír) = ir x E(t) (3.4) 
r nr 


We call the field given by Eqs. (3.4) transverse electromagnetic TEM (to r) 
waves, These waves may be polarized in the direction perpendicular to the 
propagation direction but do not have a component in the direction of prop- 
agation (see [10, pp. 112-113] or [5, p. 141]}. 

We can give a more precise meaning of the far field (Fraunhofer region) 
by defining the far-field distance (see [S, pp. 32-34] or [10, p. 114]) in the 
form 





Ry = (3.5) 


where D is the maximum dimension of the antenna and A is the wavelength. 
Atr > Ry Eqs. (3.4) are a very good approximation. 


3.5. RADIATED FIELD AT A POINT 


The script efieldl.m calculates radiated electric and magnetic fields at any 
spatial point except the antenna surface S. Prior to the calculation the input 
files for the antenna geometry and the surface current distribution should 
be specified. The Matlab directory of Chapter 3 has two such binary files 
mesh2.mat and current.mat. These files were calculated in Section 2.8 
for a 2m long dipole at 75 MHz. Variable ObservationPoint in the script 
efiel di .m specifies the observation point. 

Figure 3.6 shows the calculation results for two cases: when the observation 
point ts located on the x-axis, ObservationPoint=[5;0;0] m, and when 
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Figure 3.6. Radiated field of a dipole obtained by efield1.m. 


itis on the z-axis, ObservationPoint=[0;0;5] m. Since D =2m and A= 
4m in the present case, both points already belong to the far-field region 
according to Eq. (3.5). 

It is seen in Fig. 3.6 that the £- and -fields are perpendicular to each other 
and to the propagation direction, to a high degree of accuracy. The magnitude 
of the E-field is measured in V/m; the magnitude of the 4-field has units of 
A/m. Figure 3.6 also gives a feel for the radiated signal magnitudes related to 
the magnitude of the total current in the dipole feed. 

The cross product of E and H in Fig. 3.6 has the only component in 
the direction of wave propagation. Moreover the cross product of E and 
H* (complex conjugate) appears to be a real quantity. This product, divided 
by 2, is the time-average Poynting vector [5, pp. 35-37]. The Poynting 
vector at a point, W, gives us the average power of the radiated field, per 
uml area 


Wir) = = RelEír) x H+) (3.6) 


and it has units of W/m’. The calculation of the Poynting vector is done in the 
script efiel dl .m. 

Note that the script efie1d1 .m predicts exactly the same value of [W] = 41.8 
x 10° W/m’ for two points in Fig. 3.6, that is, in both radiation directions x and 
z. This circumstance highlights the isotropy of the radiated field. This isotropy 
is essentially independent of the fact that the dipole is not a symmetric cylin- 
drical wire but a flat thin strip in the xy-plane. 
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3.6. RADIATION DENSITY/INTENSITY DISTRIBUTION 


The power of the radiated field per unit area as introduced by Eq. (3.6) is 
simultaneously the radiation density of the radiated signal. In the far-field 
region the radiation density has the only one radial component, 


Wor) =W- (3.7) 


which will be further denoted by W. The radiation density decreases as 1/r* 
with increasing radius of the observation point, r. It is therefore more conve- 
nient to introduce the radiation intensity, U, which is the radiation density mul- 
tiplied by factor ;*, namely 


U =W (3.8) 


The radiation intensity has units of power (W) per unit solid angle [5. p. 38] 
and will theoretically be the same for spheres of different radii surrounding 
the antenna il the sphere radius is large enough compared to the antenna size 
and wavelength. 

The Matlab script efie1d2 .m calculates the radiation density and/or radia- 
tion intensity over a large sphere using function point.m and Eqs. (3.6) 
to (3.8). The sphere mesh sphere.mat with 500 equal triangles is included 
into the Matlab directory of Chapter 3. The output of the script for a 2m tong 
dipole at 75MHz (see Chapter 2, Section 2.8) is shown in Fig, 3.7. The 
sphere radius is chosen 100m. The color bar extends from the minimum 
(black) to the maximum (white) intensity magnitude. Using mouse rota- 
tion, the reader can examine different angles of view. Also figure options 
Insert X/¥/Z-Labels can be used to identify the Cartesian axes on the 
plot. 

The total radiated power, Paa (variable Total Power), is obtained as a sum 
of the products of radiation density in the middle of a sphere triangle and the 
triangle area. The summation is donc over all 500 triangles of the sphere. In 
the present case the total power of approximately 8.2 milliwatts is obtained, 
for a 2m long half-wavelength dipole from Matlab’s Chapter 2 with the 
maximum current amplitude of 14mA. The total radiated power and the 
antenna gain (see below) are saved in the binary file gainpower.mat. 

The radiation patterns of the linearly polarized antennas (see Chapter 2 
above) are often specified in terms of their E-plane and H-plane patterns (see 
[5, pp. 29-31]: [7, p. 585]). By definition, the &-plane contains the direction of 
maximum radiation and the electric field vector. Similarly the H-plane con- 
tains the direction of maximum radiation and the magnetic field vector. 

The £- and A-planes are most appropriate for directional antennas whose 
beam patterns have unique polarizations [5, pp. 29-31]. For the dipole, 
however, these planes cannot be defined uniquely, since maximum radiation 
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Figure 3.7. Radiation intensity distribution over a large sphere surface (output of the script 
efield2 .m). The color bar extends from the minimum {black} to the maximum (white) intensity 
magnitude, 


occurs in all directions perpendicular to the dipole axis. Figure 3.7 shows one 
possible arrangement if the direction of maximum radiation is chosen as the 
vertical direction. It is seen in Fig. 3.7 that the dipole isotropically radiates in 
the plane perpendicular to the dipole axis and does not radiate in the direc- 
tion of the dipole axis. The same observation is valid for the receiving dipole: 
the dipole antenna cannot receive the signal whose propagation direction is 
parallel to the dipole axis. 


3.7. ANTENNA DIRECTIVITY 


The antenna directivity is the normalized radiation intensity calculated in dB 
[5, pp. 39-40, 48]: 


U 
D= 101080 77 (3.9} 


i 


The normalization factor U is the total radiated power divided by 4r (power 
per unit solid angle): 
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Uy = (3.1 Q) 


To better understand the role of the normalization factor, let us consider an 
isotropic antenna, which radiates an equal amount of power in all directions. 
Then 


=] (3.11) 


and D = 0dB in any direction. Any other directional antenna must therefore 
have a directivity above 0dB (in the direction of maximum radiation) and 
below OdB (in the direction of minimum radiation). 

A radiation pattern (or directivity pattern) is the directivity plot in terms 
of polar coordinates (Matlab function polar). Although radiation patterns 
are three-dimensional entities, like that shown in Fig. 3.7, they are usually mea- 
sured and displayed as series of two-dimensional patterns, called cuts. The 
most common cuts are the elevation and azimuthal planes. Since our dipole is 
oriented along the y-axis, the y- and z-axis must be interchanged to obtain the 
z-axis orientation used in Ref. [5]. 

The Matlab script efe1d3 .m calculates directivity patterns of the radiated 
field in any of the planes: xy, xz, and yz. This calculation is a particular case of 
radiation intensity calculated over the entire sphere’s surface. The script 
efield3.m allows the pattern to be plotted one at a time. Alternatively, 
several patterns may be plotted using Matlab function subplot. For a dipole 
placed along the y-axis, we are interested in the yz-plane (elevation plane) and 
in the xz-plane (azimuthal plane), respectively. Figure 3.8 shows directivity pat- 
terns of the half-wavelength 2 m long dipole at 75 MHz (Chapter 2, Section 2.8). 

A problem is usually encountered when dealing with negative directivity 
values (in dB). Matlab polar plot is unable to handle these negative values. A 
way around this problem is to add an offset of, say, +40 dB to the directivity. 
The polar plot may then be rescaled as it has been done in Fig. 3.8. The script 
efield3 .m is using the corresponding offset (any user-defined value). 

An alternative is to use a third-party (John L. Galenski II) function 
polarhg.' This function, alse included in the Matlab directory of Chapter 3, 
enables negative values of directivity and many other extras, The script 
efield3 .mcan call this function instead of the function polar. 

In order to calculate the directivity given by Eq. (3.9), we should know 
the total radiated power, Paa. This requires a numerical integration of the 
flux of radiated energy (Poynting vector) over a large sphere. In some cases 
such an integration is not possible, and the total power P,,y remains unknown. 
Then the radiation pattern is normalized to its maximum value. Ref. [5] 


| Dr. Paul Harms of Georgia Tech kindly sent this script to the author. 
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Figure 3.8. Directivity patterns of the dipole antenna in the yz- and xz-planes (output of the 


script efie1d3 .r). 
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includes many examples of this kind. Such a normalization is obviously 
simpler, but it does not allow us to calculate the antenna gain considered in 
the next section. 

‘Two kinds of antenna pattern shapes are given special names. The first is 
an isotropic pattern, which is the same in all directions. No antenna can have 
a truly isotropic pattern, but it is often a convenient idealization. An omnidi- 
rectional patiern is rotationally symmetric about an axis, often called the 
azimuthal axis. 

Figures 3.7 and 3.8 show that the dipole is an omnidirectional antenna. 
Omnidirectional antennas are often used in broadcast applications, since they 
provide uniform coverage in all directions around them. 


3.8. ANTENNA GAIN (IDEAL CASE) 


The calculation of the antenna gain essentially completes the antenna analy- 
sis. The gain of an antenna is closely related to the directivity. For ideal anten- 
nas studied in this and following chapters, the gain is just the maximum 
directivity expressed in dB. The gain tells us how “directional” the specific 
antenna type is. Higher gains correspond to highly directional antennas (e.¢., 
Yagi-Uda or reflector). Often the observation direction is not specified and 
“directivity” means the maximum directivity, In such cases directivity and gain 
both have equivalent meaning [5, pp. 58-60]. 

Since the maximum directivity can occur in any direction, especially for 
sophisticated antenna structures, the gain calculations are done in the script 
efield2.m. using the formula (loss antennas only) 


G =10log E5 (3.12) 


where the maximum is calculated over all possible directions. For the drill 
example of this chapter (a half-wavelength 2m long strip at 75 MHz) the script 
efield2.m outputs the logarithmic gain of 2.15 dB. It might be interesting to 
note that the theoretically predicted gain of a half-wavelength infinitely thin 
dipole antenna ([5, p. 163] or [11, pp. 4-12]) is exactly (') equal to this value. 

Two values of the gain are used simultaneously: the logarithmic gain accord- 
ing to Eq. (3.12) and the linear gain 


— max(U') 


G 
Uy 


(3.13) 


For the dipole, the linear gain is obtained as 1.64, and the logarithmic gain is 
thus 10log (1.64) = 2.15dB. Tt is worth remembering these values. Various 
antenna gains are usually compared to the gain of the half-wavelength dipole. 
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Narrowband directional antennas have much higher gain, up to 30dB and even 
more. For an antenna array, the gain may be as high as 60dB. The antenna 
gain generally increases with increasing frequency. For antenna elements with 
losses, the antenna gain includes one more important mechanism, namely 
ohmic losses in imperfect conductors. A more general definition of gain is 
given in [5, pp. 58-60] or [11, pp. 1-5]. 


39, ANTENNAS EFFECTIVE APERTURE 


The antenna’s aperture is a parameter that represents the electrical surface 
area that an antcnna presents to an Incoming wave. This is rather a scattering, 
and not the radiation parameter. In particular, for the receiving antenna we 
are interested in determining the received power for a given incident plane 
wave field. Finding reecived power is important for the radio system link equa- 
tion (Friis transmission formula, to be discussed in the next chapter). 

We expect that the received power will be proportional to the power 
density, or Poynting vector of the incident wave. Since the Poynting vector has 
dimensions of W/m’, the proportionality constant must have units of area. Thus 
we write 


P = A.W 3.14) 


where A, is defined as the effective aperture area ot the receiving antenna. The 
effective aperture arca has dimensions of mt, and can be interpreted as the 
“capture atea,” intercepting part of the incident power density radiated toward 
the receiving antenna. 

The maximum effective aperture area can be shown to be related to the 
(linear) gain of the antenna as [5. p. 86] 


GH 
4r 





A. = 


v 


(3.15) 


where 2 is waveleneth. For the dipole example of this chapter, A = 4m, 
G = 1.64, and therefore 


A, =2.1m° (3.17) 


This value is considerably larger than the actual area of the antenna surface 
(a 2m long and 5cm wide strip has the surface area of 0.1 m’). Figure 3.9 shows 
schematically the actual antenna area and the effective aperture area (capture 
area) of the half-wavelength dipole. For dircctional antennas like the Yagi- 
Uda antenna the capture area can be even larger. 

An ideologically similar parameter, widely used in radar technology, is the 
radar cross section [12.13]. Physically, a radar cross section is the measure of 
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Fig. 3.9. Effective aperture area of the half-wavelength dipole. 


a target’s ability to reflect radar signals in the direction of the same or another 
radar. In other words, for the antennas, we are interested in the captured 
power over a certain area, whereas for the radars, we are interested in the 
reflected power over a certain area, Radar cross sections of various targets are 
considered in [5, pp. 90-98]. 


3.10. CONCLUSIONS 


In this chapter we discussed the algorithm for the calculation of a radiated 
electromagnetic field due to a given surface current distribution on the surface 
of a metal object. The origin of the surface current does not play any role. 
Therefore the algorithm is equally applied to antenna radiation (surface 
current induced by a voltage feed) and antenna scattering (surface current 
induced by an incident signal). 

A dipole model is employed to find the radiation from the RWG edge ele- 
ments. This way we can perform fast and accurate calculations both in the near 
and tar field. The most important antenna characteristics in the far field were 
introduced such as antenna directivity and gain. 

The drill example of the present chapter was the half-wavelength dipole 
and the associated current distribution. This current distribution is identical to 
the current distribution of the radiating dipole considered in Chapter 4, except 
for the difference in magnitudes. Therefore, in studying this current distri- 
bution, we were able to quantitatively determine some parameters of the 
halt-wavelength transmitting dipole antenna such as the gain of 2.15dB and 
effective aperture area of 2.1m’. 
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PROBLEMS 


3.1. 


3 2, 


3.3, 
3.4, 
3,5, 


For a 2m long dipole at 75 MHz, determine the magnitude of the radi- 
ated electric field along the z-axis at the distances z = [0.1 :0.1:1]m from 
the antenna. Plot the magnitude to scale as a function of distance from 
the antenna, 


For a 2m long dipole at 75 MHz, determine the magnitude of the radi- 
ated magnetic field along the z-axis at the distances z = [0.1:0.1:1]m 
from the antenna. Plot the magnitude to scale as a function of distance 
from the antenna. 


Repeat Problem 3.1 if z = [0.25:0.25:5]m. 
Repeat Problem 3.2 if z = [0.25:0.25:5|m. 


For a 2m long dipole a 75 MHz, find the components of the radiated 
electric field: 


34 


3.7.* 


3.8. 


3.9. 
3.10.” 


3.11. 
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a. At a pointr= [0.2 0.2 0.2ļm 
2 


b. Atapointr=[2 2 2]m. 


For a 2m long dipole a 75 MHz, find the components of the radiated 
magnetic field: 

a. Ata point r = [-0.2 0.1 O.1]m 

b. Ata pointr=[-2 1 1m. 


In the far field of an antenna, the magnitude of electric and magnetic 
fields are related by the formula JHO) = 1/n{E(r)|. where 77 is the free- 
space impedance {approximately 3779). For a 2m long dipole at 
75 MHz, check how well this formula is satisfied: 

a. Atapointr=[0.5 0.5 0.5]m 

b. Ata pointr=[50 50 50]m. 

Explain the disagreement at a relatively small distance from the 
antenna. 


For a 2m long dipole at 75 MHz, determine the magnitude of the Poynt- 
ing vector along the z-axis at the distances z = [0.1:0.1:1}m from the 
antenna. Plot the magnitude to scale as a function of distance from the 
antenna. 


Repeat Problem 3.8 if z = [0.25:0.25:5]m. 


In the far field of an antenna. the Poynting vector can be found using 
the formula 


1 2T S 
E{r) — (plane wave approximation) 
r 


For a 2m long dipole at 75 MHz, compare the magnitude of the Poynt- 
ing vector obtained using this formula and Eq. (3.6): 

a. Ata point r= [0.25 0.25 0.25}m 

b. Ata point r = [25 25 25}m. 

Explain the disagreement at a small distance from the antenna. 


For a 2m long dipole at 75 MHz and maximum current of 14mA. de- 
termine the total radiated power crossing the surface of the sphere 
surrounding the dipole when: 


a. Sphere radius is 1.2m 
b. Sphere radius is 120m 
c. Sphere radius is 1200m. 


Can you make any conclusion about the numerical error in power 
calculations? 


3.12. 


3.13. 
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For a 2m long dipole at 75 MHz and maximum current of 14 mA, deter- 
mine the (maximum) antenna gain (logarithmic and linear) over the 
surface of the sphere surrounding the dipole when: 

d. Sphere radius is 1.2m 

e Sphere radius is 120m 

f. Sphere radius is 1200m. 

Can you make any conclusion about the numerical error in gain 
calculations? 


For a 2m long dipole at 75 MHz, determine the total radiated power 
and directivity patterns in the elevation and azimuthal planes if the 
given surface current distribution (file current .mat) is multiplied by 
a factor of 10. 


3.14% Two parallel 2m long identical dipoles at 75 MHz form an antenna 


array. The separation distance of 5m is large enough so that the mutual 
coupling is negligibly small. Obtain array gain and plot the directivity 
patterns of the array in the elevation and azimuthal planes. Hint: 
Modify function point .m to account for the surface current distribu- 
tion of two equal dipoles separated by 5m. 
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4.4. INTRODUCTION 


The task of the scattering algorithm in Chapter 2 was to find the surface 
current distribution on the antenna surface induced by an incident electro- 
magnetic wave. The task of the antenna radiation algorithm discussed in 
this chapter is to find the surface current distribution due to an applied volt- 
age in the antenna feed (Fig. 4.1). After the surface current distribution is 
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Surface current? 


Voltage in antenna feed 


Figure 4.1. Task of the radiation algorithm. 


obtained, the radiated field of an antenna is found using the algorithm of 
Chapter 3. 

The scattering algorithm developed in Chapter 2 can easily be modified for 
the antenna radiation. The major challenge related to transmitting antennas 
is the antenna feed, programmed in the script rwg4 .m. Whereas for the receiv- 
ing antennas and EM studies the excitation is simply the field of an incident 
plane wave, in a transmitting antenna the excitation is generally a voltage 
source on a wire or plate conductor. 

Wire antennas are traditionally studied in terms of a one-dimensional 
segment model (numerical code NEC [1-6]). The theory behind NEC requires 
a special integral equation and a special set of basis functions. There are two 
different models that we must keep track of: one model for conducting sur- 
faces and another model for wires [2]. More problems arise when wires and 
surfaces are joined together [2]. Although NEC is rather fast, these circum- 
stances are very inconvenient. 

To avoid the development and programming of two separate algorithms, 
we must investigate the potential of RWG boundary elements for modeling 
wire antennas. A wire is represented with the use of a thin-strip model having 
one or two RWG edge elements per strip width. The results obtained are 
encouraging. Faithful reproduction of the surface current distribution, mput 
impedance, and gain are observed for dipole and monopole antennas. There- 
fore both patch and wire antennas will be described here using the same 
numerical method—RWG edge elements [7]. 


4.2. CODE SEQUENCE 


Successive numerical steps, necessary to calculate an antenna, are imple- 
mented in the relatively short scripts rwg1 .m - rwg5 .m. These scripts, except 
for rwg4.m, are identical to those from Chapter 2 and can be found in the 
Matlab directory of the present chapter. Before reacing the chapter, you may 
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Figure 4.2. Flowchart of the complete radiation algorithm. 


want to run these scripts. The final script displays the surface current distri- 
bution for a half-wavelength dipole due to a feed voltage of 1 V. The antenna 
mesh name should be specified in the script rwg1 .m. Calculations of the input 
impedance and radiation resistance are done in the script rwg4.m. 

After the first cade sequence is complete, scripts efeld1.m, efield2.m, 
and efield3.m provide radiated signa] at a point, radiation patterns of the 
antenna including 3D patterns, and the antenna gain. These scripts are iden- 
tical to the scripts of Chapter 3. The present code sequence (Fig. 4.2) is 
applicable to arbitrary metal antennas, not only to dipoles or monopoles, and 
will be used in the rest of the text. Figure 4.2 indicates that the complete radi- 
ation algorithm is none other than a straightforward combination of the algo- 
rithm of Chapter 2, modified by the antenna feed, and of the algorithm of 
Chapter 3 
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Figure 4.3. Thin-strip discretization. Two RWG elements form a current vector J directed 
exactly along the strip. 


4.3. STRIP MODEL OF A WIRE 


As far as impedance and radiation pattern are concerned, a thin cylindrical 
antenna with a noncircular crosssection behaves like a circular cylindrical 
antenna with an equivalent radius. For a thin strip, the radius of the equiva- 
lent cylindrical wire is given by ([8, pp. 4-10]; see also [1, p. 456]) 


aey = 0.25 § (4.1) 


where s is the strip width. A typical RWG boundary element assembly of a 
strip is shown in Fig. 4.3. There is only one edge of the triangle across the strip. 
The two adjoining RWG edge elements, shown in Fig. 4.3, are able to support 
a uniform electric current J along the strip axis: this satisfies the most impor- 
tant assumption of the thin-wire theory [1-3]. 

‘You can use the Matlab script strip.m in subdirectory mesh to create a 
uniform triangular mesh for a strip of arbitrary length and arbitrary width. 2D 
Delaunay triangulation is employed to create the mesh. Type strip in the 
Matlab command window to see the result. The mesh is saved in the output 
binary fime strip.mat. The script strip.m is actually more flexible than 
the PDE toolbox, since we can control the number of boundary triangles. It 
provides the reader with the first example of the analytical description of the 
antenna structure. 

The subdirectory mesh of the Matlab directory of Chapter 4 also contains 
a pre-generated strip mesh strip2.mat. This mesh was created using the 
Matlab PDE toolbox, Different strip meshes are shown in Fig. 4.4. All meshes 
have the same length to width ratio (100) but differ in the discretization ac- 
curacy along the strip axis. Additionally the mesh strip2.mat has finer dis- 
cretization toward the ends. The strip meshes can be visualized using the 
function viewer filename, such as viewer strip2. from the same subdi- 
rectory mesh. 


4.4. FEED MODEL 


To account for a voltage source instead of an incident wave, we should intro- 
duce a feed model into the antenna structure [1,3,5]. An antenna is usually fed 
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efieldi.m Computes radiated field 
fo at a point 
Computes radiation 
mesh2.mat efield2.m intensity over sphere 
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N Computes radiation 
efield3.m \ oattern(s) 
Figure 4.2. Flowchart of the complete radiation algorithm. 


want to run these scripts. The final script displays the surface current distri- 
bution for a half-wavelength dipole due to a feed voltage of 1 V. The antenna 
mesh name should be specified in the script rwg1.m. Calculations of the input 
impedance and radiation resistance are done in the script rwg4.m. 

After the first code sequence is complete, scripts efie1d1 .m, efiel d2 .m, 
and efield3.m provide radiated signal at a point, radiation patterns of the 
antenna including 3D patterns, and the antenna gain. These scripts are iden- 
tical to the scripts of Chapter 3. The present code sequence (Fig. 4.2) is 
applicable to arbitrary metal antennas, not only to dipoles or manopoles, and 
will be used in the rest of the text. Figure 4.2 indicates that the complete radi- 
ation algorithm is none other than a straightforward combination of the algo- 
rithm of Chapter 2, modified by the antenna feed, and of the algorithm of 
Chapter 3. 
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As far as impedance and radiation pattern are concerned, a thin cylindrical 
antenna with a noncircular crosssection behaves like a circular cylindrical 
antenna with an equivalent radius. For a thin strip, the radius of the equiva- 
lent cylindrical wire is given by ([8, pp. 4-10]; see also [1. p. 456]) 


dy = 0.255 (4.1) 


where s is the strip width. A typtcal RWG boundary element assembly of a 
strip is shown in Fig. 4.3, There is only one edge of the triangle across the strip. 
The two adjoining RWG edge elements, shown in Fig. 4.3, are able to support 
a uniform ¢lectric current J along the strip axis; this satisfies the most impor- 
tant assumption of the thin-wire theory [1-3]. 

You can use the Matlab script strip.m in subdirectory mesh to create a 
uniform triangular mesh for a strip of arbitrary length and arbitrary width. 2D 
Delaunay triangulation is employed to create the mesh. Type strip in the 
Matlab command window to see the result. The mesh is saved in the output 
binary fime strip.mat. The seript strip.m is actually more flexible than 
the PDE toolbox, since we can control the number of boundary triangles. It 
provides the reader with the first example of the analytical description of the 
antenna structure. 

The subdirectory mesh of the Matlab directory of Chapter 4 also contains 
a pre-generated strip mesh strip2.mat. This mesh was created using the 
Matlab PDE toolbox. Different strip meshes are shown in Fig. 4.4. All meshes 
have the same length to width ratio (100) but differ in the discretization ac- 
curacy along the strip axis. Additionally the mesh strip2.mat has finer dis- 
cretization toward the ends. The strip meshes can be visualized using the 
function viewer filename, such as viewer strip2, from the same subdi- 
rectory mesh. 





4.4. FEED MODEL 


To account for a voltage source instead of an incident wave, we should intro- 
duce a feed model into the antenna structure [1,3,5]. An antenna is usually fed 
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Figure 4.4. Output of strip.m: (a) Strip with 20 triangles, 1:100; {b} strip with 40 triangles, 
1:100; (c) strip with 80 triangles, 1:100. (d) Pregenerated mesh strip2.mat (244 triangles, 
1:100), 





Driving 
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Figure 4.5. Feeding edge model. Black arrows show the electric field direction in the antenna 
gap. White arrows show the direction of the surface current on the antenna surface. 


by a conventional transmission line through two electrically close terminals. 
This means that an ideal voltage generator is connected across a gap with a 
small width, along the antenna—see Fig. 4,5. 

There are several ways to describe the gap field [1,3]. This problem has 
received a considerable amount of attention in the literature [1-6,9-11]. The 
simplest (and often less accurate) way, which is ideally suited for RWG edge 
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elements, 1s the so-called delta-function generator or the feeding edge model 
[3,9-11]. In short, this model assumes a gap of negligible width, A. If the 
voltage across the gap is V (from positive to negative terminal), then the elec- 
tric field within the gap becomes (Fig. 4.5) 


E=-Vo= Ln, (4.2) 


where @ is the electric potential. When A tends to zero, Eq. (4.2) predicts infi- 
nite values within the gap. That is, the delta-function approximation 


E=Vé(y)n, (4.3) 


Equation (4.3) simply states that the integral of the electric field over the gap 
is equal to the applied voltage, namely 


| E,dy =V (4.4) 


It is convenient to associate the gap with an inner edge n of the boundary 
element structure. There is only one RWG element corresponding to that edge 
(Fig. 4.5). Thus the “incident” electric field will be zero everywhere except for 
one RWG element, r. 

Instead of Eq. (2.8) of Chapter 2, we take for the excitation voltage of the 
moment equation 


Voc = f E-£,d5=V | d(y)n, hds =V for edge clement mm =n 


T-T it Ty ty 


Va = Í -f dS =0 otherwise (4.5) 


FRET m 


Equation (4.5) uses the fact that a component of the RWG basis function f, 
normal to the edge is always equal to one [7]. In the following discussion, we 
also assume that the feeding voltage, V, is equal to 1V. In other words, the 
feeding vollage is a cosine function of time having a phase of zero and an 
amplitude equal to 1V. 

In the command-line sequence of Chapter 2 


rwgl.m; rwg2.m; rwg3.m; rwg4.m; rwg5.m 


only the Matlab script rwg4 .m needs to be changed to account for Eq. (4.5). 
Everything else is directly adopted from the scattering analysis. The Matlab 
script rwg4.m always identifies the feeding edge as being the closest one to 
the origin (cf. Fig. 4.4). 
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Figure 4.6. Magnitude of the surface current along the strip strip2.mac at different fre- 
quencies, The strip length is 2h. The white color corresponds to higher current magnitudes. 
The feeding edge (in the middle) is shown by a bar. 


4.5. CURRENT DISTRIBUTION OF THE DIPOLE ANTENNA 


The output of the command line sequence at the end of Section 4.4 is the 
surface current distribution along the strip. The magnitude of the surface 
current is given for each triangular patch. Figure 4.6 shows the output at five 
different frequencies for the structure script2.mat. The starting frequency 
corresponds to a halt-wavelength dipole (total dipole length, 24, is equal to 
a half wavelength). In our case A = 1m and the frequencies are 75, 150, 225, 
300, and 375MHz, respectively. A periodic current distribution along the 
dipole is observed with multiple maxima and minima at higher frequencies. 
The periodic current distribution is typical for dipoles and similar resonant 
wire antennas [1, p. 156]. 

There are certain frequencies at which the dipole behavior becomes es- 
pecially attractive. They correspond to a half-wavelength dipole and other 
dipoles, whose length is an odd number of half wavelengths: 


At these frequencies the dipole impedance is predominantly a resistance on 
the order of 50 to 200@ (see the next section). Therefore it is easy to design 
efficient matching networks that allow the dipole antennas to be driven by 
amplifying circuits. The half-wavelength dipole is by far the most popular 
antenna choice, especially in the area of wireless communications (see [12, pp. 
70-75] and [13, ch. 4]). 

At the same time, an infinitely thin dipole becomes a very impractical 
antenna at the frequencies corresponding to 


2h= A, 2A, 3A, wae 
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At these frequencies the current is almost zero at the feed point. The input 
impedance becomes very high and reactive. Then it is very difficult to design 
the corresponding matching network. However, if the dipole has a finite radius 
(which corresponds to a strip of a finite width), the feed current always attains 
finite values [1]. Figure 4.6 indicates some nonzero values of the feed current 
at 2h = A, 2h = 2A seen as narrow, relatively bright spots at the feed point. 
For a thin wire or a thin strip, we expect that the longitudinal component 
of the current in the direction of the strip dominates the transversal compo- 
nent. The complementary script rwg6.m allows us to obtain the correspond- 
ing quantitative estimate. A uniformly spaced grid is introduced along the strip 
axis (usually the y-axis). For each grid point the nearest triangle patch is found. 
The surface current in the middle of that triangle (see the script rwg5.m and 
its description in Chapter 2) is assigned to the current at the grid point. The 
script rwg6.m outputs both axial and transversal components of the surface 
current. Figure 4.7 shows the script output for the structure strip2.mat at 
75 MHz (hali-wavelength dipole). The maximum magnitude of the transversal 
current component appears approximately 200 times smaller than the magni- 
tude of the longitudinal component. This result, also tested at various frequen- 
cies and for different structures, is critical for the subsequent analysis. It 
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Figure 4.7. Surface current magnitude along the strip axis (strip2.mat at 75MHz). Stars— 
axial component |J,|; solid line—transversal component |J]. 
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shows that the RGW edge elements do support a directional electric current 
along the strip, even if we have one or two RWG elements per strip width. 
Therefore, instead of a thin-wire model, we can use the thin-strip model with- 
out considerable increase in CPU time. The advantage of the strip model is 
that a separate set of MoM equations, corresponding to the wire, becomes 
unnecessary. 

Another positive point is the relatively simple coupling model between the 
strip mesh and a metal ground plane mesh. The coupling edge model will be 
considered later in this chapter using the example of a base-driven monopole 
on a finite ground plane. 


4.6. INPUT IMPEDANCE 


One major parameter of interest is the antenna input impedance. Once the 
impedance is known, other antenna parameters such as return loss can easily 
be obtained. The input impedance is defined as the impedance presented by 
an antenna at its terminals or the ratio of the voltage to current at a pair of 
terminals. The feeding edge model determines the impedance to be the ratio 
of the feeding voltage (V = 1 V} to the total current normal to the feeding 
edge, n. In the expansion of surface currents over RWG basis functions 
(Chapter 2, Eq.{2.6)) 


i 
J= 5 Ly fn (4.6) 


n=] 


only the basis function Ëp- will contribute to the impedance calculation 
since no other basis functions have a component normal to the edge 7. 
Moreover, since a component of the RWG basis function f, normal to the 
edge is always equal to one [7], the total normal current through the edge is 
given by 


fi, I, (4.7) 


where /, is the edge length, The antenna impedance is simply 





Za =m = (4.8) 


according to Eq. (4.5). Input impedance is measured in ohms, and it is a 
complex quantity in general. Indeed, more sophisticated definitions of the 
impedance can always be proposed based on surface current averaging over 
an area around the feeding edge, However, they will not be considered in the 
following text. 
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Figure 4.8. Two stages of monopole antenna creation. A Matlab mouse cross is seen. 




















Figure 4.9. (a) Monopole antenna structure after execution monopole.m. (b) Surface current 
distribution at 75 MHz; the white color corresponds to larger magnitudes. (c) Model of the base- 
driven monopole. 
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Another point of interest is the triangle domain number, t(4,:). So far 
the entire antenna structure had the domain number 1. In the script 
monopole.mat, the domain number 0 corresponds to the plate triangles 
and the domain number 1- to the monopole triangles. One reason for that is 
the treatment of monopole-plate junction discussed below. 

The script also enables multiple monopoles and multiple feeds. The mono- 
pole antenna structure is unlimited in size but it is recommended that the total 
number of triangles does not exceed 4000. The script can import the nonuni- 
form plate meshes from the PDE toolbox and thus enhance the mesh quality 
and resolution close to the feed [16]. 

The edge at the junction (Fig. 4.9c) requires special consideration. There 
are three triangles attached to it. Therefore there are two RWG elements that 
correspond to the same edge. One of them includes the first triangle of the 
strip and the plate triangle to the left of the feed. Another includes the same 
strip triangle and the plate triangle to the right of the feed (Fig. 4.9¢). Script 
rwg1.mof the present chapter automatically identifies such edges and creates 
two distinct RWG elements for every edge. The triangle domain number of 
the monopole and the plate must be different. 

The antenna feeding edge is the junction edge (for the base-driven mono- 
pole). The model of the delta-function generator is applied, which is similar 
to that for the dipole. However, there are now two distinct RWG edge ele- 
ments corresponding to the same edge. To separate these two elements. it is 
convenient to “double” the junction edge, that is, to repeat it twice in the mesh 
code. This is done in the script rwg1.m. The contribution of each single 
element should be taken into account. Equation (4.5) is transformed to 


Vai = laV, Vaa = LV, bi = bw (4.9) 


where indexes 1 and 2 refer to two distinct RWG junction elements. Equation 
(4.9) is employed in the script rwg4.m. Figure 4.9) shows the calculated 
surface current distribution at 75 MHz (script rwg5.m). Since the monopole 
height is chosen to be 1.0m, we end up with a most popular combination, which 
is the quarter-wavelength monopole on a ground plane. The highest valucs of 
the surface current density are observed on the strip surface. 

In the script rwg4.m, the default feeding edge was the one closest to the 
origin on the xy-plane. In the present case we have two such edges. This is in 
contrast to the dipole, where only one edge was used. Therefore the script 
rwg4.m introduces two different feed models: one for the dipole and another 
for the monopole 


Tndex=INDEX (1) eCenter feed - dipole 
Index=INDEX (1:2) %Probe feed - monopole 








where the array INDEX contains the edge numbers sorted against the edge dis- 
tance from the origin. One should comment on either the first or second line 
of this code. 
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4.8. IMPEDANCE OF THE MONOPOLE 


The formula for the input impedance of the dipole (4.8) should be 
extended to 


Vv 


Z, =—————_— 
° badas thiolase 


(4,10) 


to account for the total current through the primary feeding edge. The antenna 
impedance calculation is again done in the script rwg4.m. The total current 
through the feed becomes 





GapCurrent=sum(i (index) . *EdgeLength(Index} ’} ; 


where Index is the array of the feeding edge numbers. 

From a theoretical point of view, when a monopole is mounted on an ideally 
infinite ground plane, its impedance and radiation characteristics can be 
deduced from that of a dipole of twice its length in free space. For the base- 
driven monopole, the input impedance is equal to one-half that of the center- 
driven dipole. Also the monopole radiation pattern (Section 4.11) above the 
infinite ground plane is identical with the upper half of the radiation pattern 
of the corresponding dipole ({8], pp. 4-26). When the ground plane is of finite 
size, the impedance is not changed considerably but the radiation pattern is 
subject to change. The gain of the monopole is not equal to the dipole gain 
(Section 4.11). 

Since the ground plane is finite, we are not supposed to have exactly one- 
half of the dipole impedance. However, the corresponding results appear to 
be similar. This can be seen in Table 4.2. The first column of Table 4.2 indi- 
cates the two different models used for comparison. 

The SuperNEC model of the monopole on the finite ground plane used 
in Table 4.2 has 10 x 10 = 100 wire segments to model the 2 x 2m plane. 
It is therefore probably too “transparent” to provide us with the accurate 
results. 


Table 4.2. Input Impedance cf Two Monopole Models at 75 MHz 











Model Input Impedance, Q 

Present calculation 28+ 7x 22 

Monopole on a 2 x 2m large wire-segment ground plane 33 + j x32 
(SuperNEC) 





Nore: The strip width is 0.04m. The number of strip rectangles is 7. The equivalent wire radius is 
0.01m, The number of wire segments is 7. A WIPL-D simulation gives 27 + j x220, 
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Table 4.3. Radiated Electric Field of the Dipole at 75MHz at 
the Distance of 100m (Azimuthal Plane) 








Model E-field, V/m 

Strip2 .mat—244 triangles 0.0066 exp(—j *2.30) 

Wire with 39 segments 0.0062 exp(—j* 2.26) 
(SuperNEC) 





4.9. RADIATION INTENSITY, RADIATED POWER, AND GAIN 


The far-field parameters of an antenna were discussed in Chapter 3. Below we 
recall some of these definitions. The script efield1.m outputs the radiated 
electric/magnetic field at a point. The results for the radiated electric field of 
the 2m long dipole at 100m in the azimuthal plane are presented in Table 4.3. 

As in Section 3.5 of Chapter 3, the radiation density of a field radiated by 
the antenna is given by the time-average Poynting vector [1, pp. 35-36] 


Wir) = F RelE(r) x Hr) (4.11) 


which is expressed in W/m’. Taking into account Eq. (3.4) of Chapter 3, we 
can write in the far field 


(4.12) 


The total power, radiated by the antenna in the far field can be written in the 
form 


1s 
Pra = [sp (Bte) as (4.13) 


5 


where S is a sphere surface surrounding the antenna. For Eq. (4.13) to hold, 
the sphere radius should be large enough compared to the antenna size and 
wavelength. 

Matlab script efie1d2.m calculates the radiation density and radiation 
intensity of an antenna. We use the precise expression Eq. (4.11), which is 
valid in both far and near fields. More specifically, the norm of the Poynting 
vector is found. If necessary, that norm can be replaced by a projection of the 
Poynting vector onto the outer surface normal of the observation sphere. 

The script also outputs the total power over a large sphere of a variable 
radius and the antenna gain (both logarithmic and linear), which are saved in 
the binary file gainpower.mat, The output of the script is shown in Fig, 4.10 


Gain=2.15 dB 








Gain=1.17 dB b) 








Figure 4.10. Radiation intensity over a sphere surface at 75 MHz. fa) Half-wavelength 
dipole along the y-axis (strip2.mat); (b) quarter-wavelength monopole along the z-axis 
(monopole .m). The white color corresponds to higher relative intensities. 
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for a half-wavelength dipole (strip2.mat) and a quarter-wavelength mono- 
pole (monopole.m)}. 

The total radiated power of the dipole has a different value compared to 
the example of Chapter 3. This fact is to be expected. since the surface current 
magnitude due to 1V antenna feed is obviously not equal io the magnitude 
created by the incidence of a | V/m plane wave. The total radiated power also 
slightly depends on the discretization accuracy. 

However, for a// four dipoles of Fig. 4.4, the linear gain is obtained as 
approximately 1.64 and the logarithmic gain is approximately 101og,,(1.64) = 
2.15 dB. These values exactly correspond to the theory data. The antenna gain 
and the total radiated power seem to be the most stable antenna parameter, 
weakly affected by various numerical approximations. 

What is the gain of a quarter-wavelength monopole on a ground plane span- 
ning infinitely in all directions? It might appear, at first sight, that it is equal 
to the gain of an equivalent dipole. However, this is not quite true. While 
the upper-half radiation pattern is exactly the same, the normalization factor 
U, in Eq. (3.9) of Chapter 3 is twice as small as the one for a similar dipole 
because there is no radiated power below the ground plane. Therefore the gain 
of the monopole is the dipole gain plus 3dB [17, pp. 93-94]: 


LOlog (2) = 3dB 


If the ground plane is finite, the gain may vary. In our case of the quarter- 
wavelength monopole on the half-wavelength plate, a very low gain of 1.2dB 
is nevertheless obtained. This is rather an exception to the rule. When the 
plate width increases the gain increases as well. 

For antenna elements with losses, the antenna gain includes one more 
important mechanism, namely ohmic losses in imperfect conductors. A 
more adequate definition of the gain will be considered in the following 
chapters. 


4.10. RADIATION RESISTANCE AND DELIVERED ELECTRIC POWER 


As far as the power transfer is concerned, an antenna can be treated as a resis- 
tive element much like the familiar resistor. The major difference is that the 
resistor dissipates electric power in the form of heat. The antenna dissipates 
electric power in the form of an electromagnetic signal radiated into free 
space. A total power of Joule’s heat sources in a resistor R is given by 


P =F aul (4.14) 


Here Fis the current amplitude, which is either real or complex. Since we are 
establishing an analogy between the antenna and the resistor, we assume that 
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Table 4.4. Numerically Found Values of Radiation Resistance versus Real Part of the 
Input Impedance; Numerically Found Values of Radiated and Delivered Power 











Model Real Part of Radiation Radiated Feed 
the Input Resistance, Power, W Power, W 
Impedance. Q (Praa) (Picea) 
Q 
Half-wavelength 87.6 88.2 0.0045 0.0044 


dipole at 75 MHz 
(strip2.mat) 
Quarter-wavelength 28.4 28.6 0.0109 0.0108 
monopole at 73 MHz 
(monopole.m) 








the total power, Pwa radiated by the antenna has exactly the form of Eq. (4.14) 
where / is the current through the antenna feed. Simultaneously the resistance 
R is replaced by the “antenna” resistance, R,, as follows: 


1 2 
Pas = Rell (4.15) 


Equation (4.15) gives the radiation resistance, R,, of the antenna in the form 
of Joule’s law, Eq. (4.14). To find the radiation resistance, we must first calcu- 
late the lotal radiated power, Paa. Then, using Eq. (4.15) together with the 
known value of the feed current, we solve for the radiation resistance. The 
radiation resistance is calculated in the script efield2.m. Table 4.4 
compares the radiation resistance and the real part of the input impedance. 
Again, two examples considered are the half-wavelength dipole and a quarter- 
wavelength monopole (see Fig. 4.10). 

From the table it can be seen that these values agree well with each other, 
to within a numerical round-off error. The reason is simple. The total power 
radiated by the antenna is also the total electric power delivered to the 
antenna in the feed: 


1 a, 1 . 2 l 2 
Piesa = zReUV”) = 5 RelZa 7 = Froid = 2 R.Z (4.16) 


Thus &,= Re(Z,). Equation (4.16) provides another, and simpler, way to cal- 
culate the total power radiated by the antenna without the need of surface 
integration in the far field. The corresponding variable is FeedPower 
(script rwg4.m). It is not to be mixed with the variable Total Power 
(script efiel a2 .m). Calculation of the radiation resistance and the total power 
using two independent methods is the best way to test the correctness of the 
far-field results. 
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The present consideration is valid for lossless or ideal antennas only. We 
will see later that for a lossy antenna, the loss resistance should be addition- 
ally taken into account. All antennas with perfect electric conductors are loss- 
less ideal antennas. 


4.11. DIRECTIVITY PATTERNS 


It was pointed out in Chapter 3 that the directivity pattern is the radiation 
intensity calculated over a circle in a certain plane, namely a cross section of 
the sphere shown in Fig. 4.10. More precisely, the antenna directivity is the 
normalized radiation intensity calculated in dB (Chapter 3, Section 3.7). 
Matlab script efie1d3 .m calculates directivity patterns of the radiated field 
in the planes xy, xz, and yz, respectively. For a dipole along the y-axis 
(strip2.mat), we are interested in the yz-plane (elevation plane) and the 
xz-plane (azimuthal plane). Figures 4.11 and 4.12 show directivity patterns of 
two examples of the present chapter: a half-wavelength dipole at 75 MHz 
(strip2.mat) and a quarter-wavelength monopole at 73MHz (mono- 
pole.m), respectively. 

A problem is usually encountered when dealing with negative directivity 
values (in dB). Matlab polar plot is unable to handle these negative values. A 
way around this problem is to add an offset of, say, +40dB to the directivity. 
The polar plot may then be rescaled as has been done in Figs. 4.11 and 4.12. 

Note that in these figures the antenna gain is already calculated in the script 
efield2.m. If the radiation pattern includes the direction of maximum radi- 
ation, this will be simultaneously the pattern gain. Otherwise, the gain along 
a radiation pattern can be smaller than the overall antenna gain. Figure 4.126 
provides an example. The script efie1d3 .m can be modified to calculate the 
gain (G=max(Polar_)) for a given radiation pattern. 

For the dipole (Fig. 4.11), the radiation patterns are essentially the same as 
those from Chapter 3. The antenna gain is 2.15 dB. On the dipole axis the direc- 
tivity drops down to -62dB. Note that the total sweep of 62 + 2 = 64dB cor- 
responds to the power ratio of 





10%" = 2.5% 10° 


The patterns of a 1m long monopole on the 2 x 2m ground plane are given 
on the left of Fig. 4.12. The patterns of a 1m long monopole on the 4 x 4m 
ground plane are given on the right. These patterns are obtained if we type 


L=4.0; Plate length (along the x-axis) 
W=4.0; Plate width (along the y-axis) 


in the script monopole.m and repeat the calculations for the monopole done 
in Sections 4.7 and 4.8. 


a) 


180 





270 z 
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z 40.48 
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Figure 4.11. Directivity pattern of the radiated antenna field (efie1d3 .m} of the half-wavelength 
dipole at 75MHz (strip2.mat). 


78 DIPOLE AND MONOPOLE ANTENNAS: THE RADIATION ALGORITHM 





“as. 
Q 





D : 
` a 
a 
er 
-50 Ne “50 


Figure 4.12, Directivity patterns and 3D radiation patterns of the radiated antenna field 
(efield3 .m) of the quarter-wavelength monopole at 75MHz. Left: 2 x 2m ground plane; right: 
4x 4m ground plane. OFFSET = 20cB in the script eMeid2.m. 


It is interesting to see from Fig. 4.12 how the wider ground plane effectively 
cuts the radiation below the horizon and makes the antenna more directional. 
The antenna gain increases from 1.2dB to 3.7dB if we double the size of 
the ground plane. The input impedance changes from 28 + j x 22Q to 46+) x 
1682, respectively. In the ideal case of the infinite ground plane, the monopole 
radiation pattern should be exactly the upper half of the dipole pattern. 
In every case (dipole or monopole) there is no radiation along the dipole/ 
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monopole axis at elevation angle zero. According to Fig. 4.12 the monopole is 
also the (almost) omnidirectional antenna. 


4.12. RECEIVING ANTENNA 


In this section we compute an electric signal received by another antenna if 
the first antenna is the transmitter and the transmitting voltage amplitude is 
IV. The script efieldl.m calculated electric and magnetic fields radiated by 
an antenna at any observation point in space using the current distribution on 
the antenna surface. The calculation method ts equivalent to that discussed in 
Chapter 3. For the half-wavelength dipole strip2.mat at 75 MHz, the script 
outputs the electric field Gin V/m) 


EField= 

-0.0000 -0.0000i 
-0.0044 -0.0049i 
-0.0000 -0.0000i 


if the observation point is at 100m, that is, ObservationPoint = 
[0;0; 100]. 

Let us now place another (receiving) dipole at that observation point. The 
receiving antenna is none other than a scatterer, and the analysis of Chapter 
2 can be applied to find the corresponding surface current distribution. We 
should therefore return to the Matlab directory of Chapter 2 to perform the 
necessary calculations. 

To simplify file transfer, all necessary scripts from Chapter 2 are collected 
in subdirectory receivingantenna of the Matlab directory of Chapter 4. 
The put to rwg1.mis mesh strip2.m. The frequency is 75 MHz, and the 
incident electric field in script rwg4.m should be 


kvek* [0 0 1]; 
Pol=[0 -0.0044-j*0.0049 0]; 


where kv is the wave vector and Pol is the vector describing the direction, 

magnitude, and phase of the incident electric field. Figure 4.13 shows the 

surface current distribution of both radiating and receiving dipoles, respec- 

tively. The transmitter dipole calculated in this chapter 1s shown on top of the 

figure, whereas the receiver dipole is on the bottom. Both current patterns are 

equivalent to each other so we cannot distinguish between two dipoles. 
After executing the command line 


rwgi.m; rwgq2.m; rwg3.m; rwg4.m; rwa5.m 
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Figure 4.13. Magnitude of the surface current along strip stxip2.mat. Top: radiating dipole 
antenna; bottom: receiving dipole antenna placed at 100m from the transmitter and having the 
same orientation. 


the surface current density through the middle edge of the receiving antenna 
is obtained as —0.0045 — 70.0011 A/m, Since the strip width is 0.02 m, the total 
current, 7, in the feed (through the middle edge) is therefore —0.000090 - 
j0.000023 A. The same feed model is assumed for both receiving and trans- 
mitting antennas. The received voltage is given by 


Va =IZ, (4.17) 


where antenna impedance Z, is found in Table 4.1. The voltage in the feed of 
the receiver is thus 


V, =~0,0068 — j0.0062V 


This complex number has the magnitude of approximately 9mV and the 
phase of —2.4rad. Worthy of note, these values should be compared to the 
voltage in the feed of the transmitting antenna that has the magnitude 
of 1 V and the phase factor zero. The radio link over 100m thus reduces the 
voltage magnitude by approximately a factor of 100. Indeed, the present 
observation is valid only for the particular antenna size and particular 
frequency. 

We have just outlined the method of finding both the magnitude (on 
the order of millivolts) and the phase of the receiving voltage at a given 
frequency. Receiving and transmitting antennas are assumed to be identical. 
This method can be applied to establish an antenna-to-antenna transfer 
function. The transter function is obtained as the ratio of receiving to trans- 
mitting (1 V} voltage at different frequencies. The transfer function is im- 
portant for nonsinuscidal antennas like ultra-wideband pulse antennas [18] 
since it allows us to predict the received pulse forms. This method will be used 
extensively in Chapter 9 where we consider a time domain ultra-wideband 
antenna. 
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4.13. FRIIS TRANSMISSION FORMULA 


In conventional communication links with harmonic excitation, a simple and 
very effective power transmission formula is mostly used in the form (e.g., 
[1, p. 88] or [17, p. 61]) 


Py = iy — a (4.18) 


where indexes R and T denote receiving and transmitting antennas, respec- 
tively, and G is the linear antenna gain. To apply this formula to the example 
of the previous section, we should choose r = 100m, G;= Gg= 1.64, A = 4m, 
and Pr= 0.0044 W (see Table 4.4) Therefore 


Pg =1.20x 107 W (4.19) 


The power transmission formula gives us the magnitude of the received power 
and voltage if the antenna impedance is known. However, the phase infor- 
mation is completely lost. 

It is helpful to compare the power calculated using the Friis transmission 
formula with the power obtained using the direct scattering method from the 
previous section. In order to do so, we should consider a more realistic antenna 
circuit for the receiving antenna shown in Fig. 4.14. The circuit in Fig. 4.14 
replaces the receiving antenna by its Thévenin equivalent: the ideal voltage 
source of strength Va im series with Thévenin impedance, Z,. Thévenin im- 
pedance is none other than the antenna input impedance. Thévenin voltage 
(received voltage) was already calculated in the previous section. 

The power delivered to a load with impedance Z, is given by (cf. Eq. (4.16)) 


P, = irez, y (4.20) 








Receiving antenna 
circuit 








Antenna Load 


Figure 4.14. Equivalent circuit for the receiving antenna. 


82 DIPOLE AND MONOPOLE ANTENNAS: THE RADIATION ALGORITHM 


where / is the phasor of the current in the circuit in Fig. 4.14. Note that this 
current is not equal to the feed current calculated in Section 4.12 without the 
load (Le., at Z; = 0). We have 


Va 


i= — 4.21 
Zatı ( ) 
Substitution of Eq. (4.21) into Eq. (4.20) gives 
1 RetZ 2 
p= BZ) yp (4.22) 
2 [Za +Z" 





When Z, = 27, where the star denotes complex conjugate (i.e.. a conjugate 
matched load), P, attains its maximum value, which is given by [19, p. 618] 


L Wal 
=- 4.23 
* 8 Re(Z,) (423) 
Substituting Va = -0.0068 — j0.0062 V (see the previous section) and Re(Z,) = 
88Q yields 


Pp =1.20% 107 W (4.24) 


This result comes in close proximity to the value obtained with Eq. (4.19) 
using the power transmission formula Eq. (4.18). It follows from there that 
Eq. (4.18) already takes into account the presence of a conjugate matched load 
in the antenna circuit. 


4.14. CONCLUSIONS 


There are dozens of variations on dipole and monopole antennas that have 
been developed over the years [1]. Some offer improvements in performance, 
while others are of interest for specialized applications. The dipole or a mono- 
pole is a basic clement of antenna arrays considered in Chapter 6. The mono- 
pole antenna is actually more common than the dipole (just remember your 
car antenna). 

From the numerical point of view, the monopole mesh on a finite or curved 
ground plane is more difficult to create than a simple dipole. A junction edge 
should be analyzed carefully, including two separate RWG elements sharing 
the same edge. 

The algorithm of the present chapter is applicable to any metal antennas 
and will be utilized in the rest of the text. The useful changes to be made are 
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atlab loops with regard to the radiation frequency and, possibly, with regard 
other antenna parameters (antenna length, size, shaping. ete.). These loops 
e intended for antenna optimization purposes. 
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PROBLEMS 

4.1. Fora2m long dipole strip2.mat at 100 MHz determine: 


4.2. 


4.3. 


4.4.* 


4.6. 


4,7. 


a. Input impedance 
b. directivity patterns in the elevation and azimuthal planes 
& antenna gain. 


For a 2m long dipole strip2.mat at 225 MHz determine: 
a. Radiation resistance and total radiated power 

b. Directivity patterns in the elevation and azimuthal planes 
& Antenna gain. 


Create a 1.0m long monopole on a 2 by 2m ground plane using the 
script monopole.m. The monopole frequency is 150 MHz. Determine: 
a. Input impedance and radiation resistance 

b. Directivity patterns in the elevation and azimuthal planes 

c. Antenna gain. 


Create a 0.2m long monopole on a 2 by 2m ground plane using the 
script monopole.m. The monopole frequency is 150 MHz. Determine: 


a. Input impedance and radiation resistance 
b. Directivity patterns in the elevation and azimuthal planes 
ce. Antenna gain. 


Script multil.m in subdirectory mesh of the Matlab directory of 
Chapter 4 creates a horizontal dipole over a finite ground plane shown 
in Fig. 4.15a. This is the simplest type of a reflector antenna. Assuming 
a hali-wavelength dipole, design the reflector, that is, find the optimal 
distance d from the plane in order to achieve the maximum antenna 
gain. 


Solve Problem 4.5 under assumption that the total dipole length is 
equal to 34/2. 


Script multi2.min the subdirectory mesh of the Matlab directory of 
Chapter 4 creates a horizontal dipole over a cylindrical metal reflector 
shown in Fig. 4.155. This is another case of the reflector antenna. Assum- 
ing a half-wavelength dipole, design the reflector, that is, find the optimal 
distance reflector-dipole in order to achieve the maximum antenna gain. 
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D) 





c) 
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Figure 4.15. (a} Longitudinal dipole above a finite ground plane (multii.m); (b) dipole with 
acylinrical reflector (malti2.m); {c} dipole with a convex reflector (multi3.m). The feeding 
edge is at the origin. 
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Figure 4.46. {a} Longitudinal dipole above a finite ground plane (maltii.m); (b) longitudinal 
dipole above a metal lattice (multi4.m). The feeding edge is at the origin. 


4.8. Solve Problem 4.7 under assumption that the total dipole length is equal 
to 3A/2. 


4.9. Script multi3.m in the subdirectory mesh of the Matlab directory of 
Chapter 4 creatcs a horizontal dipole over a convex metal reflector 
shown in Fig. 4.15¢. This is one more case of a reflector antenna. Assum- 
ing a half-wavelength dipole, design the reflector, that is, find the 
optimal distance reflector-dipole in order to achieve the maximum 
antenna gain. 


4.10. Solve Problem 4.9 under assumption that the total dipole length is 
equal to 34/2, 
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Figure 4.17. Relative position of the receiving dipole, 























Figure 4.18, Modification of the script meonopgole.m. 
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4.11,* 


4.12. 


4.13.* 


4.14,* 
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Script multi4.m in the subdirectory mesh of the Matlab directory 
of Chapter 4 creates a dipole over a planar metal lattice shown in 
Fig. 4.165. The lattice was generated using the script volumemesh1 .m 
in Appendix A. Which reflector works better: the solid surface in 
Fig. 4.16a or the metal lattice in Fig. 4.16b? Assume a half-wavelength 
dipole and d = 0.5 and 1.0m, respectively. 


A quarter-wavelength 1m long monopole on a 2 by 2m ground 
plane transmits a periodic signal at 75 MHz. The input voltage is 1V. 
Determine voltage received by a half-wavelength dipole at the distance 
of 100m from the monopole. The relative position of the dipole is 
shown in Fig. 4.17. 


In Problem 4.12 determine the total power received by the dipole 
antenna. Obtain the result using two different ways: Friis transmission 
formula Eq. (4.18) and the direct method outlined in Sections 4.12 and 
4.13. 


The script monopole.m originally creates the monopole shown in 
Fig. 4.18a. Modify that script in order to create the combination shown 
in Fig 4.185. Only the center monopole has the voltage feed. Two other 
monopoles are the passive elements. Plot the surface current distribu- 
tion and the radiation intensity distribution over a large sphere for 
these two antenna types assuming the quarter-wavelength monopole. 
Is the second antenna more directional than the first? 
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5.1. INTRODUCTION 


Wire loop antennas offer the advantages of low cost and low gain, and they 
are therefore useful in many portable wireless devices. Loop antennas replace 
the dipole-type radiators for applications where the receiver is held close to 
the body, in that the performance of a loop element is not degraded as much 
due to the high conductivity of the body [1]. Loop antennas take many dif- 
ferent forms, including rectangle, square, triangle, ellipse, circle, among many 
others [2]. The circular loop is the most popular choice and has received the 
widest attention. 

Small (compared to the wavelength) loop antennas are very poor radiators, 
and they are seldom employed for radio transmission. They are usually used 
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in the receiving mode, such as in portable radios, where the antenna efficiency 
is not as important. They are widely used as probes for field measurement, 
including measurements within magnetic resonance imaging (MRI) coils. 

Several references [3-7] indicate applicability of large-current rectangular 
loop antennas. with partial shielding of the loop path, to broadband and pulse 
transmission, in the nanosecond range. Ultra-wideband loop sensors for elec- 
tromagnetic field measurements have recently been reported [8]. 

The task of the present chapter is to investigate loop antennas, including 
single-loop and helical antennas, with regard to the antenna impedance, direc- 
tivity, and gain. The antenna analysis is essentially equivalent to that for the 
dipole and monopole (Chapter 4). We will pay considerable attention to clec- 
trically small and large loop antennas, and to helical antennas in the normal 
and axial mode of operation. For the purposes of comparison, the corre- 
sponding data for dipole antenna will be presented as well. 

The antenna radiation algorithm (sce Fig. 4.2 of the preceding chapter) is 
applied to loops without considerable changes, The code sequence is identical 
to that of Chapter 4. The corresponding Matlab scripts can be found in the 
Matlab directory of the present chapter. Before reading the chapter you may 
want to run these scripts. The final script displays the surface current distri- 
bution for a one-wavelength loop due to a feed voltage of 1 V. 

For the flat structures similar to the thin-strip, planar bowtie antenna, or 
pianar slot antenna, the Matlab PDE toolbox was quite adequate in the gen- 
eration of triangular meshes (Chapter 2). For 3D looplike structures, we prefer 
to use relatively short custom Matlab scripts that allow us to easily create such 
complicated antenna shapes as a helical coil. The thin-strip model of Chapter 
4 is applied to simulate a wire loop. This model already showed much promise 
in modeling thin dipoles. 


5.2. LOOP MESHES AND THE FEEDING EDGE 


Four scripts loop1.m, loop2.m, loop3.m, and Loop4.m in subdirectory 
mesh of the Matlab directory of Chaptcr 5, create loop structures shown in 
Figs. 5.1 and 5.2, respectively. Before reading this chapter, you may want to 
run these scripts. The first script (loop1.m) creates a single closed loop of 
radius a. The strip width is #. The discretization accuracy along the loop cir- 
cumference can be controlled depending on the anticipated frequency. Only 
one triangle is allowed across the strip. 

The feeding edge of the loop antenna can be specified in different ways. 
We prefer using the (vertical} edge closest to the point [-i 0 06] in Carte- 
sian coordinates. The feeding edge is indicated by a black bar in Fig. 5.1. This 
is in contrast to the dipole where the feeding edge is chosen by the one closest 
to the origin, Changes, related to the proper identification of the feeding edge. 
are done in the script rwg4.m. Then, the delta gap model of Chapter 4 is 
applied to the feeding edge. 
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Figure 5.1. Geometry structure of a single-loop antenna with 180 triangles. The feeding edge 
is marked by a black bar. 


The script loop2 .m (or loop3 .m) creates a helical coil shown in Fig. 5.2a. 
The coil radius, turn spacing, and the number of turns can be varied, along with 
the width of the strip. The feeding edge is chosen as the one closest to the 
point [-1 0 0} in Cartesian coordinates. The feeding edge is indicated by a 
black bar in Fig. 5.2a. The difference between scripts loop2.mand loop3 .m 
is that the script Loop3.m keeps vertical edges perpendicular to the strip 
direction, even for a helical coil. The script Loop4.m creates a conical helix 
coil {a tapered helix) shown in Fig. 5.2b. The coil parameters can be varied, 
along with the width of the strip. The feeding edge is chosen as the one closest 
to the point [-a@pin O 0] in Cartesian coordinates, where ai, 1s the center radius 
of the coil. The feeding edge is indicated by a black bar in Fig. 5.25. 

According to the tmage theory [2]. the dipole-like coil with 12 turns in Fig. 
5.2a approximately corresponds to a monopole-like coil with 6 turns over the 
infinite ground plane, The ground plane coincides with the xy-plane. Analo- 
gously, the conical helix in Fig. 5.2 can be used to simulate a monopole helix 
of 5 turns over the infinite perfectly conducting ground plane. Also a finite 
ground plane can be introduced in a way similar to the method of Chapter 4 
for the monopole. The scripts Loopt .m-loop4.mare organized nearly in the 
same manner. We introduce the vertex points and divide a bent strip into equal 
rectangles. Then each of these rectangles is divided into two right triangles. No 
Delaunay triangulation (delaunay.m) is employed to create loop meshes. 


5.3. CURRENT DISTRIBUTION OF A LOOP ANTENNA 


Using the script Loop.1m in the subdirectory mesh, we create a loop of the 
radius ¢ = 1m and the width 0.04m. The loop contains 180 triangles. The loop 
circumference is C = 27a = 6.28m. Then, the main code sequence 
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Figure 5.2, (a) Helical coil with #2 turns, turn spacing 0.04m, and strip width 0.005 m; (b) helical 
tapered coil with 10 turns, center radius of 0.1m, end radius of 1m, and strip width 0.05 m. 
Feeding edge is marked by a black bar. 
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ywol: rwq2; rwg3; rwg4: rwg5; 


is executed, where Loop1.mat should be given as the input file to rwg1.m. 
Script rwg5 .m outputs not only the resulting current distribution but also the 
maximum and minimum electric current along the loop. These values are 
obtained as the maximum (minimum) current density magnitude multiplied 
by the width of the strip (the length of the feeding edge). Note that the script 
rwg5.m is slightly changed to acquire the number of the feeding edge from 
rwg4.m. 

The important parameter for the loop antenna is the ratio of the loop cir- 
cumference, C = 2ra, and the radiated wavelength, A. At very low frequencies, 
when C << A, a model of electrically small loop is considered. When the cir- 
cumference is comparable to the wavelength, C ~ A, a model of electrically 
large loop should be used. These models have very different radiation and 
impedance properties. Let us examine first a very low frequency of 0.48 MHz 
(specified in rwg3.m), when C = 0.014. At that frequency, the current dis- 
tribution along the loop is practically uniform. Script rwg5.m outputs the 
minimum current (at the antenna feed} of 57.09 mA and the maximum current 
(the opposite side of the loop) of 57.12mA. Note that these values are much 
larger in magnitude than the current of a comparable dipole antenna at low 
frequencies. This is why the loop is sometimes called the current radiator [6,7], 
in contrast to the dipole, which is in that sense the voltage radtator. 

The uniformity of the current distribution along the loop constitutes the 
background of the analytical model for the small loop [2, pp. 217-221]. We will 
demonstrate that this assumption is becoming inaccurate very quickly, when 
the wavelength becomes smaller than approximately 10 loop circumferences. 
Figure 5.3 shows the computational results for the surface current when 
C=0.14, C=0.5A, C= A, and C = 2A. This corresponds to frequencies 4.8 MHz, 
23.9 MHz, 47.7 MHz, and 95.5 MHz, respectively, if C is fixed as 6.28 m. 

We recall that the color bar always extends from minimum to maximum 
current magnitude. Only the loop with C = 0.1A, where inin =5.48mA and imax 
= 5.80mA, indicates a relatively uniform current distribution. The loop with C 
= 0.5A already predicts a very deep minimum of the surface current close to 
the voltage feed. The loop with C = A has two maxima of the current distri- 
bution along the loop, whereas the loop with C = 2A has four. The situation 
resembles the corresponding result for the dipole (Fig. 4.6 of Chapter 4) where 
a periodic pattern of the surface current develops along the antenna at higher 
frequencies. 

One can see that when C > 0.14, the current along the loop is actually not 
as high in magnitude and is comparable to the current of the dipole antenna, 
under the assumption of the same voltage in the antenna feed. 

The realistic (nonsymmetric) current patterns indicate that the realistic 
loop cannot have zero radiation along its axis. This is in contrast to the sim- 
plified theory for the loop, which assumes a constant current along the cir- 
cumference [2, pp. 217-221]. 
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Figure 5.3. Surface current distribution and maximum/minimum current along the loop at dit- 
ferent frequencies. 
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One can test the surface current distribution of a loop at different values 
of the strip width (diameter of an “equivalent wire”), The corresponding cal- 
culations have been done and the results similar to Fig. 5.3 were obtained 
when the strip width varies from 0.005 to 0.05m. Somewhat larger current 
magnitudes are observed for “thicker” loops. Note that according to Eq, 
(4.1) of Chapter 4, the strip width of 1em corresponds to the wire radius of 
2.5mm. 

Calculations of this and the following sections may be rescaled to geomet- 
rically smaller loops. For example, the current distribution of Fig. 5.3c simul- 
taneously corresponds to a wire loop of 20cm in diameter, with the wire 
diameter of 2mm at the frequency of 477 MHz. 


5.4. INPUT IMPEDANCE OF A SMALL LOOP 


The real part of the input impedance (the radiation resistance) characterizes 
the power radiated by an antenna if we assume a lossless metallic antenna 
structure. Since we are interested here in the radiation properties of the loop 
at a given feed voltage, the input impedance should be investigated first. A 
loop from the previous section, with the radius of 1m and the strip width 
h = 0.04m, is again chosen. For the purposes of comparison, we also investi- 
gate a vertical dipole, whose length is equal to the loop circumference, that is, 
to 6.28m. The dipole is modeled by a thin strip of the same width. The dipole 
mesh, oriented along the z-axis is saved in the binary file strip.mat. 

Table 5.1 shows real and imaginary parts of the input impedance for several 
selected frequencies, in the low-frequency range. The results are obtained 
using scripts rwg3.m, xwg4.m. At low frequencies the loop has a large pos- 
itive complex impedance (inductance) and vanishingly small radiation resis- 
tance. The loss resistance of single-turn loop is, in general, much larger than 
its radiation resistance. Therefore the corresponding radiation efficiency (ratio 
of the radiated power to the power dissipated into heat on the loss resistance) 
of the loop is very low and depends on its loss resistance. The dipole at low 
frequencies has a very large negative complex impedance (capacitance) and a 
small, but finite, radiation resistance. This resistance is 100 to 10 times greater 


Table 5.1. Input Impedances of Loop and Dipole Antennas at Low Frequencies 
(loop1.mat and strip.mat) 




















A fi Loop Dipole of length = C 
MH? — Too i 
” Re(Z,), 9 Im(Z,).Q2  RefZ,),Q  In(Z,).2 
C= 710 4.8 0.02 183 18 -1646 
C=A8 6.0 0.06 235 2.8 1289 
C= M6 8.0 0,22 331 5.1 -922 


C = j4 11.9 1.78 594 12.3 —533 
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Table 5.2. Power Delivered to Loop and Dipole Antennas 
by a 1V Feed Voltage at Low Frequencies (Loop1.mat 
and strip.mat) 














C f, MHz Power, Laop Power, Dipole 
uw uw 

C=A10 48 0,34 0.33 

C= Ais 6.0 0.54 0.84 

C= Alb 8.0 1.0 3.0 

C= Al4 11.9 2.5 21.7 








than the loop resistance. Therefore the dipole presents a more significant resis- 
tance to the generator circuit even at very low radiating frequencies. 

Script rwg4.m outputs the power delivered to the antenna in the feed in 
the form 


1 
Pica = 5 RelLeop ' Va) (5.1) 


where laap is the gap (feed) current and VX, is the gap voltage. The star denotes 
complex conjugate. In our case, Vžp = 1V. For a lossless antenna, Eq. (5.1) 
simultaneously gives the total radiated power. Table 5.2 outlines power 
obtained in this way for the loop and for the dipole, respectively. The same 
frequencies as before are used. One can see that, at low frequencies, the dipole 
outputs more power than the loop assuming other equal conditions (the ideal 
voltage generator). At the same time the radiated power of the loop at ultra- 
low frequencies may be higher than the dipole power as indicated by the 
second row of Table 5.2. This is why the small loop antenna may be an attrac- 
tive choice for superconducting circuits, where the loss resistance is exactly 
zero [9-11]. 


5.5. RADIATION INTENSITY OF A SMALL LOOP 


Matlab script efiel d2 .m calculates the radiation intensity distribution over a 
large sphere. Figure 5.4 shows the computational results for two examples of 
the previous section: the loop with the radius of 1m and a vertical dipole, 
whose length is equal to the loop circumference, that is, to 6.28m. The fre- 
quency is 4.8 MHz, which corresponds to C = 0.14. 

It might appear at first sight that the small loop and the small vertical dipole 
radiate very similarly. Both antennas are omnidirectional and have the 
maximum directivity in the azimuthal plane. The major difference is con- 
nected, however, to the polarization of the radiated field. Whereas for the ver- 
tical dipole in Fig. 5.4b the radiated electric field is vertically polarized, the 
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O Gain=1.69 dB, R.,=0.020 











Figure 5.4, Radiation intensity distribution: fa) Small loop with circumference © = 0.14; {b} small 
dipole of equivalent length. The frequency is 4.8 MHz. 
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loop in Fig. 5.4a possesses the horizontal polarization of the electric field. The 
change in polarization of the electric field does not affect the direction of the 
Poynting vector, P, in Fig. 5.4, which ts always directed outward. 

A combination of the dipole and a loop constitutes the so-called electric- 
magnetic dipole, which is the omnidirectional antenna with a circular polar- 
ization [2, pp. 512-513]. 

To check the polarization directions, we can apply the script efieldi .m that 
calculates the £- and H-fields at a point. We choose the observation point as 
ap=[100; 0; 0]m. This gives 


Efloop)= 1.0e-004 x E(dipole) = 1.0e-004 x 
0.0000 + 0.000034 0.0000 + 0.000034 
0.4456 + 0.32961 0.0000 + O.00001 
0.0000 + 0,90004 -0.3983 + 0.36301 


in accordance with the directions shown in Fig. 5.4. 
Many analytical formulas for small loops are presented in Ref. [2, ch. 5]. In 


particular, in the far field [2. p. 213], one has in terms of spherical coordinates 
F, 0, @, 


~jkr 








E= V — sin, E,=Ey=0; Vye (5.2) 
F 12 
Vy, a IKE ; 
k B sing, H,=H,=0 (5.3) 
T F 


where the z-axis is the polar axis. Here r = ek 7 = s u/e = 3770 is the free- 
space impedance; § = zaa”; and iy is a constant current around the loop. In our 
case (see Fig. 5.3a), i) = 5.64mA and f= 4.8MHz; A = 62.5m. This gives 
Vi = 3.37m¥. Substitution of this value into Eq, (5.2) at r = 100m yields the 
theoretical magnitude of the £-field as 53.7uV/m. The corresponding 
numerical prediction is 55.4uV/m and agrees very well with the simplified 
theory. However, in contrast to the magnitude, the constant-current model 
docs not match the numerically calculated phase values. 


9.6. RADIATION PATTERNS OF A SMALL LOOP 


Script efie1d3 .m gives radiation patterns in the planes xy, xz, and yz, respec- 
tively. We are mainly interested in the yz-plane (elevation plane). Figure 5.5 
compares the radiation patterns for the loop and the dipole, respectively. 
Again, the loop with the radius of 1m and a vertical dipole, whose length is 
equal to the loop’s circumference, are considered. The frequency is 4.8 MHz, 
which corresponds to C = 0.14. 
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Loop Z 1008 a) 


180 





b) 


Dipole Z 1008 


180 





270 


Figure 5.5. Radiation patterns in the yz-plane: (a) Small loop with circumference C = 0.14; (b) 
small dipole of equivalent length. The frequency is 4.8 MHz. 
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The major difference between the dipole and the small, but finite, loop is 
the nonzero radiation intensity in the axial direction. If the electric current 
along the loop is assumed to be a constant, then the radiation intensity on 
the loop axis should be exactly zero, due to symmetry reason, Even a small 
nonuniformity in the surface current causes a considerable distortion of the 
radiation pattern in the axial direction so that the “theoretical” null in the axial 
direction disappears. In particular, for the radiation pattern shown in Fig. 5.5a, 
the current distortion is obtained as low as 5.5% (see Fig. 5.34). 

To obtain a deep minimum in the axial direction, the operation frequency 
needs to be chosen extremely low. Also the discretization of the Joop should 
be refined in order to avoid numerical inaccuracy. 


5.7. TRANSITION FROM SMALL TO LARGE LOOP: 
THE AXIAL RADIATOR 


The loop has a remarkable property consisting in that its radiation pattern 
transforms from a “broadside” type to the “end-fire” type when the radiation 
frequency increases. To demonstrate such a transition, let us consider first 
the case where the loop circumference is a fraction of wavelength, namely 
C=0.1A, C = 0.24, and C = 0.3A, respectively. We run the sequence 


rwo3; rwgq4; efleld2.m; eheld3m; 


for the each of these frequencies, which are 4.8 MHz, 9.5 MHz, and 14.3 MHz, 
respectively. C is 6.28m for the loop with the radius of 1 m. Figure 5.6a shows 
the radiation patterns in the H-plane, To be consistent with Ref. [2], the 
radiation patterns are rescaled in this section versus maximum directivity. It 
is seen how the minimum in the axial direction of the loop disappears with 
increasing frequency and the antenna pattern becomes more “symmetric.” 

It is expected that if the frequency continues to increase, the maximum 
radiation direction is shifted toward the radial direction. To support this 
conclusion, we present in Fig. 5.6b three radiation patterns corresponding to 
three higher frequencies so that C = 274/10 = 0.634, C = 274/5 = 1.264, and 
C = 2nA/2 = 3.144. The corresponding frequencies are 30MHz. 60 MHz. and 
150 MHz, respectively, for the loop with the radius of 1m. 

It is seen that, when the circumference of the loop is about one wavelength, 
the maximum radiation is along the loop axis, which is perpendicular to the 
plane of the loop. Because of its many applications, the one-wavelength 
circumference circular loop antenna is considered as fundamental as a half- 
wavelength dipole [2, p. 221]. Any further increase in frequency leads to 
sidelobes as shown in Fig. 5.6 and is not very useful. 

The input impedance of the electrically large loop can be calculated as 
a function of frequency using the method of Chapter 7 below. Here we 
only check the impedance at C = A (at 48 MHz for the loop with the radius 
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C=0.12, G=1.69 dB 


-----. C=0.2%, G=1.63 dB 


b) 
C=0.3}, G=1.54 dB 
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G=0.632, G=1.51 dB 
wot ee I ie et ot C=1.262, G=4.18 dB 
nnucensanennesenes C=3.143, G=4.79 dB 


Figure 5.6. Radiation patterns in the yz-plane: {a} Electrically small loop; (b} electrically large 
loop. G is overali gain (found using efie1d2 .1). 
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of 1m). Script rwg4.m outputs Za = 116 - J88 Q, which is a very reasonable 
value. For analytical results related to large loops and recent references see 
[12,13]. 

Finally in this section we note that Fig. 5.65 is created in such a way to 
exactly meet the conditions of Fig, 5.6 in Ref. [2, p. 220]. In [2], however, a 
model of a constant-current loop is employed to obtain the corresponding 
radiation patterns analytically. This model is expected to be very inaccurate at 
these relatively high frequencies. The disagreement between theory and sim- 
ulations appears to be very significant in the case of Fig. 5.6, including incor- 
rect shapes of the radiation patterns. The analytical curves in Fig. 5.6 of Ref. 
[2] should therefore be replaced by a more reliable result. 


5.8. HELICAL ANTENNA—NORMAL MODE 


A helical antenna shown in Fig. 5.2a is a combination of several loops. The 
helical antenna is a basic, simple, and practical configuration of an electro- 
magnetic radiator. The calculation for the helical antenna is done exactly in 
the same way as for the single loop. Script loop2 .m in the subdirectory mesh 
creates a mesh loop2.mat for a helical antenna shown in Fig. 5.2a. Loop 
radius @, turn spacing S, number of turns N, and the strip width A need to be 
given for the helical antenna, The binary file loop2.mat should be specified 
as an input to the script rwg1.m in directory Matlab. 

The proper identification of the feeding edge for the helical antenna (script 
rwg4.m) may constitute a problem. The feeding edge should be the one per- 
pendicular to the strip (a vertical edge) and should be located in the middle 
of the antenna. This means a center-fed helix or a helical antenna above the 
infinite perfectly conducting ground plane. The feeding edge is indicated by a 
black bar in Fig, 5.24. One solution is to choose the feeding edge closest to 
the point [-1 0 0] or, maybe, to another point [-a 0 6] in Cartesian 
coordinates, This method works well for tested examples if the number of dis- 
cretization rectangles is even. Use p(:,Edge_(:,Index)) to check the 
position of the feed edge. 

First, we investigate the performance of the helical antenna in the so- 
called normal mode [2, pp. 505-508]. In the normal mode of operation, the 
field radiated by the antenna is maximum in a plane normal to the helix 
axis and minimum along its axis (similar to the electrically small loop). To 
achieve the normal mode of operation, the dimensions of the helix are 
usually very small compared to the wavelength. More precisely, the entire 
length of the helix shouid be small compared to the wavelength as weil [2, 
p. 508]. 

Using the script loop2.m from the subdirectory mesh, a helical antenna 
of N =9 turns is created, with radius a = 10cm, and loop spacing § = 4em. The 
width of the strip is 5mm (the equivalent wire radius is 1.25mm) and the total 
height of the helix is 36cm. The number of triangles per turn is 80. 
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Figure 5.7. (a) Surface current distribution (rwg5.m}; (b) radiation intensity distribution 
(emeld2.m); and (c} the radiation pattern iefeld3.m) of the center-fed 9-turn normal-mode 
helical antenna at 40 MHZ. 


Figure 5.7 shows the surface current distribution, the radiation intensity 
distribution, and the radiation pattern (yz-plane) of the center-fed helix at 
40 MHz. This frequency corresponds to the ratio C/A = 0.084 < 0.1. The total 
length of the wire is 
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La =NVC74+S87 =5.7m (5.4) 


The wire length is smaller than the wavelength of 7.5m at 40 MHz. The con- 
dition of the normal mode is thus satisfied to certain extend. 

The major advantage of the helical antenna in the normal mode over a 
single loop is a large increase in the input resistance. For the antenna con- 
sidered in this section, script rwg4 .m outputs the input resistance of 519. This 
value provides an almost ideal match to the 50Q transmission line and is 
nearly 5000 (!) times higher than the impedance of a single loop of the same 
diameter. Since the size of the helical antenna is on the same order, this 
antenna is clearly superior to the small loop. 

Theory for electrically small loops predicts that a helix with N loops has 
the input resistance M? times the input impedance of the single loops [2, 
p. 209]. For the present antenna this factor is even higher than N”. The reason 
is perhaps that the present antenna is approaching the resonance as the 
entire structure. In Fig. 5.7a the corresponding current macrostructure is seen 
along the wire length. Note that theory, which is based on the simple addition 
of many loops with equal current distribution [2], is unable to describe that 
effect. 

Thus, even though the radiation resistance of a single-turn loop may be 
small, the overall value can be significantly increased by including many turns 
and employing the helical antenna instead of the loop. This is a very desirable 
and practical mechanism that is not available for the small dipoie. Similar to 
the single loop, the helical antenna in the normal mode is the omnidirectional 
antenna. 

The normal mode of operation is very narrow in bandwidth and its design 
is rather tricky, because of the critical dependence of its radiation character- 
istics on its geometrical dimensions [2, p. 508]. In Table 5.3 we present the 
input impedance of the helical antenna from this section as a function of 
frequency. Table 5.3 explains why the frequency of 40 MHz was chosen as a 
center frequency of the helical antenna. The results of Table 5.3 will change 


Table 5.3. Input Impedances of the 9-Turn Normal-Mode 
Helical Antenna with the Radius of t0cm and the Total 
Height of 36cm 


CIA f, MHz Re(Z,), Q 
0.059 28 0.5 
0.071 34 21 
0.080 38 10.6 
0.084 40 50.6 
0.088 42 4267.0 
0.101 48 5.5 


0.122 58 1.0 
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drastically if we change antenna geometry (increase or decrease turn spacing, 
number of turns, etc.), Problems at the end of this chapter provide the corre- 
sponding examples. 


5.9. RELICAL ANTENNA—AXIAL MODE 


In the axial mode, the helical antenna rather resembles an end-fire array of 
loops (see the next chapter). To excite this mode, the diameter of the loop and 
the loop spacing must be large fractions of the wavelength [2, p. 509]. When 
the loop spacing is large, the strip mesh will be considerably deformed in the 
vertical direction. Therefore, instead of the script Loop2.m, we will use 
the script loop3 .m, which keeps the orthogonality of transversal edges to the 
instantaneous strip direction. Comparative study of the two mesh types has 
revealed, however, that the mesh’s “orthogonalization” does not have a sig- 
nificant effect on the computational results. The difference in input impedance 
is typically several percent if we keep the same discretization accuracy. 

We consider here an example that essentially reproduces the shape of a 
helical antenna reported in [15, pp. 13-16/7]. Using the script Loop3 .m from 
the subdirectory mesh, a helical antenna of N = 15 turns is created, with a = 
5.45em and loop spacing $ = 7.6cm. The width of the strip is 5mm, and the 
total height of the helix is 114cem (57cm for a helical antenna on the infinite 
ground plane). The number of triangles per turn is 24 (the number of rectan- 
gles is 12). The total number of triangular structures is 358 (357 RWG edge 
elements). Such a rough discretization is primarily used to speed up the com- 
putation process. The problems at the end of this chapter address the issue of 
mesh refinement, 

Figure 5.8 shows the surface current distribution, the radiation intensity 
distribution, and the radiation pattern (elevation plane) of the center-fed 
helix at 635 MHz. This frequency corresponds to the ratio C/A = 0.72. The total 
length of the wire is 


L, = NVC? +S? =5.26m (5.5) 


The wire length is thus more then 10 times the wavelength of 47cm at 
635 MHz. 

A big advantage of the helical antenna in the axial mode over the single 
loop is the large increase in antenna directivity. For the antenna considered 
in this section, the script eñeld2 .m outputs a gain of 10.28dB, which is more 
than 6dB (!) higher than the gain of the single loop at the same frequency. 
The increase in the directivity results from the fact that the helical antenna 
in the normal mode is actually an array of the co-radiated loops, each of 
which contributes into directivity. More sophisticated arrays of independently 
driven antenna clements, considered in the next chapter, operate essentially 
in the same way. 


106 LOOP ANTENNAS 

















-0.05 270 


Figure 5.8. Surface current distribution irwg5.m) , radiation intensity distribution (efield2.m}, 
and the y*-plane radiation pattern (efield3.m) of the center-fed 15-turn axial-mode helical 
antenna at 635 MHz. 
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The antenna’s impedance is calculated in the script rwg4.m. The result is 
2,= 44+) x 23Q, with an inductive imaginary part. The impedance value can 
be refined with an increase in the mesh’s grid size. The total radiated power 
is 9.0mW. This is higher than the value of the half-wavelength dipole in 
Chapter 4. 

Another very mviting property of the helical antenna in the axial mode 
is the almost circular polarization of the field in the main lobe. For example, 
at the pomt [0; 0; 100} m on the antenna axis, the script efieldl.m 
outputs the E-field in the form 


0.0171 + 9.00711 
-0.0075 + 0.0150i 
0.0000 + 0.00001 


E 





in V/m. The x- and y-components of the electric field appear to be very close 
in magnitude, 

It has already been shown that the axial mode of operation can be gen- 
erated with great ease [2. p. 509]. The circular polarization of the main lobe 
can be achieved by setting C = A and § = A/4, where S is the loop spacing 
[2. p. 509]. These results, adopted from [15]. are related to a hehx with a large 
number of turns (10 and more), backed by a circular cavity of a finite size. 
The center-fed helix is different from this configuration, because of a higher 
sensitivity of input impedance and a gain to frequency. Even when the helix 
circumference is larger than two-thirds wavelength, large variations of imped- 
ance and gain are observed. Table 5.4 shows the simulation results for the gain 
of the 15-turn helix considered in this section. Very similar gain values are 
observed if we double the number of boundary elements. Figure 5.9 presents 
another set of antenna simulation results that demonstrate how the perfor- 
mance changes with frequency, at the frequency of 500 MHz. For a compre- 
hensive study of helical antennas in the axial mode, see [15,16]. 


Table 5.4. Gain of the 15-Turn Axial-Mode Center-Fed 
Helical Antenna 








YA f MHz G, dB 
0.517 500 6.7 
(0.628 550 49 
0.655 600 5.6 
0.725 635 10.3 
0.742 650 10.0 
0.799 700 4.5 
0.556 750 3.3 
0.913 S00 3,2 


0,970 850 3.8 








108 LOOP ANTENNAS 


a) b) 














10 dB 








y 
-0.2 
-0.3 
wa 
180 
-0.4 0 
wI 
! 
05 : 
| 
) x 
Y a ~, ee 
0 5 0 
0.05 a ne 270 


Figure 5.9. Surface current distribution (rwg5.m), radiation intensity distribution 
{efield2.m), and the y*-plane radiation pattern (efe1d3.m) of the center-fed 15-turn axial- 
mode helical antenna at 500 MHz. 
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5.10. CONCLUSIONS 


In this chapter we applied the antenna radiation algorithm of Chapter 4 to the 
study of loop antennas. The major points of interest include antenna input 
impedance, radiation intensity distribution, gain, and radiation patterns. 
Electrically small and large loop antennas, as well as the helical antenna in the 
normal and axial mode of operation were considered. 

The helical antenna in the axial mode provided us with the first example of 
an antenna array. Single loops are combined in the helix to improve perfor- 
mance. Normally such a combination makes the antenna more directional and 
considerably increases the gain (helix in the axial mode). Other antenna 
parameters can be altered as well, such as the antenna impedance (helix in the 
normal mode). In the next chapter we will consider antenna arrays of sepa- 
rate antenna elements, also with independent feeds. 

In addition to the types studied in this chapter the family of loop antennas 
includes such important members as half-loop antennas over a ground plane 
and shielded loop antennas [17]. 
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PROBLEMS 


5.1. A loop of radius a = | m (structure loop1.mat in subdirectory mesh) 
is investigated at the frequencies corresponding to C = A/1000 and C = 
A/100, where C is loop circumference, Determine: 
a. Input impedance 
b. Directivity pattern in the yz-plane 
& Antenna gain. 


5.2. <A loop of radius a = 1m (structure loop1.mat in subdirectory mesh) 
and a dipole of length L = C = 6,28m are investigated at frequencies 
corresponding to C = A/1000 and C = 4/100, Determine: 

a. Power delivered to the loop by LV voltage source in the feed 
b. Power delivered to the dipole by 1 V voltage source in the feed. 


5.3. The analytical formula for the input resistance of a small loop is given 
by Re(Z,) = 20”°(C/A)’ [2, p. 209], where C is loop circumference. 
Compare input resistance valucs of a small loop from Table 5.1 with 
the corresponding values obtained using this formula. 


3.4.% The analytical formula for the total radiated power of a small loop is 
given by Pua = 4(W/12)(kay iol? (2. p. 209], where 7 is the free-space 
impedance and & is the wavenumber. Compare values obtained using 
this formula with the values from Table 5.2. Hint: Repeat calculations 
from Table 5.2, and compute iy (mean current around the loop) using 
script rwg5 .m. 


3.5, 


un 
9e 


5.9. 


5.10. 


5.01. 


5.13. 


PROBLEMS 111 


Create a loop of 20cm in diameter with 180 triangles (90 associated rec- 
tangles in script loop1.m). The width of the strip is 5mm {the equiv- 
alent wire radius is 1.25mm). Assuming a frequency corresponding to 
one wavelength circumference (C = A), determine: 

a. Input impedance 

b. Antenna radiation pattern in the vz-plane 

& Antenna gain 


d. Power delivered to the loop by 1 V voltage feed. 


Solve Problem 5.5 for the case where the loop is replaced by a dipole 
of length L = C = 0.628 m. 


Investigate the effect of the mesh grid size (the number of triangles 
in the boundary element loop structure) on the input impedance 
of a loop at C = A, where C is loop circumference. Consider 80, 180, 
and 360 triangles (40, 90, and 180 associated rectangles in script 
Loopl.m). 


Investigate the effect of the strip width on the input impedance of a 
loop at C = A, where C is loop circumference. Consider the loop of 20 
cm in diameter with 4 = [2:2:16]mm, and 180 triangles (90 rectangles 
in script Loop1.m). 


Create a loop of 10cm in diameter, with the strip width of 2mm. The 
resonant frequencies of the loop are given by C = nA, n = 1,2,3,... 
[17]. Calculate the input impedance of the loop at three lowest reso- 
nant frequencies. 

Create a wire loop of 2cm in diameter, with an equivalent wire radius 
of 0.5mm. The resonant frequencies of the loop are given by C = nA, n 
= 1,2,3,...[17], where C is loop circumference. Calculate the input 
impedance of the loop at three lowest resonant frequencies. 

Obtain: 

a. Input impedance 

b. Radiation intensity distribution 

c. Radiation patterns (the elevation plane) 

of an electrically large loop at C = 34, C= 6A. and C = 9A, Use a loop 
structure with 360 triangles (180 associated rectangles in the script 
loopl.m). 

The helical antenna of Section 5.8 operates in the normal mode. Update 
the values of the input resistance from Table 5.3 if the loop spacing 
changes trom 4cm to 3cm. Keep all other antenna parameters the same. 


The helical antenna of Section 5.8 operates in the normal mode. Update 
the values of the input resistance from Table 5.3 if the number of turns 
increases from 9 to 11. Keep all other antenna parameters the same. 
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5.14.* Design an omnidirectional helical antenna operating in the normal 
mode at a center frequency of 500MHz with the input resistance of 
approximately 50Q. Plot the antenna radiation pattern in the yz-plane. 


5.15. The helical antenna of section 5.9 operates in the axial mode at 635 
MHz. Increase the number of rectangles to 24 per turn (number of tri- 
angles is 48). Obtain the antenna input impedance, and compare that 
value with the one given in Section 5.9. Repeat the problem for 48 
rectangles. 


5.16. The helical antenna of Section 5.9 operates in the axial mode at 635 
MHz. Obtain: 
a. Antenna gain 
b. Radiation intensity distribution 
when the number of turns, N, takes values 5, 11, and 13. 
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6.1. INTRODUCTION 


The inertia of a rotating radar antenna means that the time constant of a 
typical installation is not likely to be less than a second. This results in a loss 
of precious time, if the antenna is to be pointed at several targets in succes- 
sion. A system that orients the antenna beam without inertia, on the other 
hand, allows all the possibilities of radar to be used in the full. It is in this way 
that the beam of a surveillance radar, scanning the horizon, can pause for an 
instant to confirm or disprove a possible alert. Similarly a tracking radar with 
electronic scanning can follow several targets by pointing at each of them suc- 
cessfully without any loss of time. 

There is a process, known for many years, by which an electronic scanning 
beam can be obtained: such systems are known as phased arrays {1.2}. The 
method consists of feeding power to a number of radiating simple antennas 
(the array) by means of phase shifters such that the phase progressions along 
the array follow a characteristic with an arithmetic progression. The array thus 
produces a narrow beam whose orientation depends precisely on these phase 
shifts. This type of antenna has been produced since the late 1960s, when suf- 
ficiently reliable phase shifters first appeared [2]. 

The antenna algorithm developed in Chapters 4 and 5 can be extended, in 
a straightforward manner, to the antenna arrays. The new point is the mul- 
tiple antenna feed. The number of feeding edges is now equal to the number 
of antennas in an array. Each feeding edge is characterized by its own (phase- 
shifted) voltage in the feed. We will later sec that the input impedance of a 
single antenna in an array will be different from that in a free space, due to 
mutual coupling between array elements. 

Successive numerical steps necessary to calculate an antenna array are 
implemented in the scripts rwgl.m - rwg5.m. These scripts may be found 
in the Matlab directory of the present chapter. Before reading the chapter, 
you may want to run these scripts. The final script displays the surface current 
distribution for an array of two half-wavelength dipoles. After the first code 
sequence is complete, scripts efield2.m and efield3.m provide radiation 
patterns of the antenna including 3D patterns and the antenna gain. The cal- 
culation of the input impedances is done in the script rwg4.m. The radiation 
resistance is calculated in the script efield2.m. The present code sequence 
is applicable to arbitrary arrays, and not only to the arrays of dipoles or 
monopoles. An example of a practical array calculation is considered at the 
end of the chapter. 

Antenna arrays can be designed to control their radiation characteristics 
by properly selecting the phase/amplitude distribution and spacing between 
the elements, The corresponding design process implies a loop with regard to 
one or more parameters, such as the array spacing. The conversion of the 
Matlab scripts to a loop will be considered in this chapter. The corresponding 
codes are collected in subdirectories Loopl and loop? of the Matlab direc- 
tory of Chapter 6. 
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6.2. ARRAY GENERATORS: LINEAR AND CIRCULAR ARRAYS 


The script multilinear.mat in the subdirectory mesh of the Matlab direc- 
tory of Chapter 6 makes it possible to create a linear array containing an arbi- 
trary number of dipoles (a realistic number shouldn't exceed 20!). Run this 
script first to see the result. The corresponding dipole mesh is given in 
the binary file stripl.mat (with 80 triangles). The dipole length is 2m and 
the strip width is 0.02m (the equivalent wire radius is 0.005 m). These para- 
meters are optional and can be changed if necessary, Also, another dipole 
structure can be used as an input (see Chapter 4). 

To create a dipole array, the mesh cloning algorithm is employed. It is based 
on the following Matlab code: 


p=[p phase]; 
t=[t tbase+length(pbase}]; 


which combines two arbitrary nonintercepting antenna structures described 
by p. t and pbase, tbase, respectively, into a single mesh p, t. The structures 
under study can be a dipole and a ground plane, or two dipoles, or etc. We will 
use that code to combine together many identical antenna meshes (e.g., 
dipoles), shifted in space, in order to create an anlenna array. 

The code multilinear.m outputs the array mesh into the binary 
file array.mat. The same is valid for other array generators, such as 
multicircular.m,multimonopole.m, and multibowtie.m considered 
in this chapter. The file array .mat is used as an input to rwg1.m. The array 
in the script multilinear.m is created in such a way that all the dipoles 
are directed along the z-axis. Figure 6.1 shows an array of eight dipoles 
that is created using multilinear.m and displayed using function viewer 
array. The dipole separation distance, d, is 1m. In order to position the 
array in space, we follow the Kraus’s book [1, p. 281]. The array axis is the 
x-axis and the vertical direction is the z-direction. Note that this geometry is 
different from dipole orientation in Chapter 4 where the dipole axis is the 
y-axis, 

All array generators output an array Feed(1:3,1:N), where N is the 
number of array elements. This array identifies the feeding edge positions for 
each array clement. In contrast to the last two chapters, the array Feed is an 
important part of the code sequence. This array is saved in binary file 
mesh2 .mat, which is used as an input to rwg3 .m. 

An alternative to the planar dipole array shown in Fig. 6.1 is the circular 
array shown in Fig. 6.2¢. The circular array consists of identical parallel 
dipoles equally spaced around the circumference of a circle. Only center-fed 
dipoles are used as array elements, and the center of each dipole is located on 
the circumference of the circle, in the xy-plane. The coordinate system used 
is similar to that for the planar array. The array “axis” is the x-axis and the 
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The inertia of a rotating radar antenna means that the time constant of a 
typical installation is not likely to be less than a second. This results in a loss 
of precious time, if the antenna is to be pointed at several targets in succes- 
sion. A system that orients the antenna beam without inertia, on the other 
hand, allows all the possibilities of radar to be used in the full. It is in this way 
that the beam of a surveillance radar, scanning the horizon, can pause for an 
instant to confirm or disprove a possible alert. Similarly a tracking radar with 
electronic scanning can follow several targets by pointing at each of them suc- 
cessfully without any loss of time. 

There is a process, known for many years, by which an electronic scanning 
beam can be obtained: such systems are known as phased arrays [1,2]. The 
method consists of feeding power to a number of radiating simple antennas 
(the array) by means of phase shifters such that the phase progressions along 
the array follow a characteristic with an arithmetic progression. The array thus 
produces a narrow beam whose orientation depends precisely on these phase 
shifts. This type of antenna has been produced since the late 1960s, when suf- 
ficiently reliable phase shifters first appeared [2]. 

The antenna algorithm developed in Chapters 4 and 5 can be extended, in 
a straightforward manner, to the antenna arrays. The new point is the mul- 
tiple antenna feed. The number of feeding edges is now equal to the number 
of antennas in an array. Fach feeding edge is characterized by its own (phase- 
shifted) voltage in the feed. We will later see that the input impedance of a 
single antenna in an array will be different from that in a free space, due to 
mutual coupling between array elements. 

Successive numerical steps necessary to calculate an antenna array are 
implemented in the scripts rwgl.m - rwgS.m. These scripts may be found 
in the Matlab directory of the present chapter. Before reading the chapter, 
you may want to run these scripts. The final script displays the surface current 
distribution for an array of two half-wavelength dipoles. After the first code 
sequence is complete, scripts efield2.m and efield3.m provide radiation 
patterns of the antenna including 3D patterns and the antenna gain. The cal- 
culation of the input impedances is done in the script rwg4 .m. The radiation 
resistance is calculated in the script eie1d2.m. The present code sequence 
is applicable to arbitrary arrays, and not only to the arrays of dipoles or 
monopoles. An example of a practical array calculation is considered at the 
end of the chapter. 

Antenna arrays can be designed to control their radiation characteristics 
by properly selecting the phase/amplitude distribution and spacing between 
the elements. The corresponding design process implics a loop with regard to 
one or more parameters, such as the array spacing. The conversion of the 
Matlab scripts to a loop will be considered in this chapter. The corresponding 
codes are collected in subdirectories Loopi1 and loop2 of the Matlab direc- 
tory of Chapter 6. 
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6.2. ARRAY GENERATORS: LINEAR AND CIRCULAR ARRAYS 


The script multilinear.mat in the subdirectory mesh of the Matlab direc- 
tory of Chapter 6 makes it possible to create a linear array containing an arbi- 
trary number of dipoles (a realistic number shouldn’t exceed 20!). Run this 
script first to see the result. The corresponding dipole mesh is given in 
the binary file stripl.mat (with 80 triangles). The dipole length is 2m and 
the strip width is 0.02m (the equivalent wire radius is 0.005 m). These para- 
meters are optional and can be changed if necessary. Also, another dipole 
structure can be used as an input (see Chapter 4). 

To create a dipole array, the mesh cloning algorithm is employed. It is based 
on the following Matlab code: 


p=lp pbase}; 
t=[t thase+rlength (pbase) ]; 


which combines two arbitrary nonintercepting antenna structures described 
by p. t and phase, thase, respectively, into a single mesh p, t. The structures 
under study can be a dipole and a ground plane, or two dipoles, or etc. We will 
use that code to combine together many identical antenna meshes (e.g., 
dipoles), shifted in space, in order to create an antenna array. 

The code multilinear.m outputs the array mesh into the binary 
file array.mat. The same is valid for other array generators, such as 
multicircular.m,multimonopole.m,and multibowtie.m considered 
in this chapter. The file array.mat is used as an input to rwg1 .m. The array 
in the script multilinear.m is created in such a way that all the dipoles 
are directed along the z-axis. Figure 6.1 shows an array of eight dipoles 
that is created using multilinear.m and displayed using function viewer 
array. The dipole separation distance, d, is 1m. In order to position the 
array in space, we follow the Kraus’s book [1, p. 281]. The array axis is the 
x-axis and the vertical direction is the z-direction. Note that this geometry is 
different from dipole orientation in Chapter 4 where the dipole axis is the 
y-axis. 

All array generators output an array Feed(1:3,1:N), where N is the 
number of array elements. This array identifies the feeding edge positions for 
each array element. In contrast to the last two chapters, the array Feed is an 
important part of the code sequence. This array is saved in binary file 
mesh2.mat, which is used as an input to rwg3 .m. 

An alternative to the planar dipole array shown in Fig. 6.1 is the circular 
array shown in Fig, 6.2a. The circular array consists of identical parallel 
dipoles equally spaced around the circumference of a circle. Only center-fed 
dipoles are used as array elements, and the center of each dipole is located on 
the circumference of the circle, in the xy-plane. The coordinate system used 
is similar to that for the planar array. The array “axis” is the x-axis and the 
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Figure 6.1, Linear array of eight dipoles created by milzilinear.m. Dipole feeding edges 
(shown by a bar) are in the xy-plane. 


vertical direction is the z-direction. The circular array is an array configura- 
tion of very practical interest. Its applications span radio direction finding, air 
and space navigation, underground propagation, radar, sonar, and many other 
systems. A comprehensive theory of circular arrays is given in [3] (sce also 
[4. ch. 6]). The script multicircular.m in the subdirectory mesh of the 
Matlab directory of Chapter 6, creates a circular array with an arbitrary 
number of dipoles (a realistic number shouldn't excecd 20) over a circle of 
arbitrary size. 

The circular array of monopoles (Fig. 6.26) is created using the script 
multimonopole.m. This script is very similar to the script monopole.m 
lrom Chapter 4. To create an array of base-driven monopoles, we again use 
the mouse input and mark pairs of triangles with the common edge. We repcat 
step 1 of Section 4.7 several times to create several monopoles at arbitrary 
positions. After that, the return key is pressed to fix the result, 

In contrast to the script monopole.m, no mesh refinement is made close 
to the monopole feeds. The feeding edges are just the plate edges. To obtain 
the skinner strips, we have to refine the entire plate mesh (increase Nx and Ny 
in multimonopole.m). 
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Figure 6.2. (a) Circular array of 16 dipoles created by miit 


edges are in the xy-plane. (b) Circular array of four base-driven monopoles created by 


miltimonopole.m. 
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6.3. ARRAY TERMINAL IMPEDANCE 


As far as array impedance is concerned, the advantage of the numerical 
approach js the ability of the direct calculation of an important coupling char- 
acteristic: the terminal or driving impedance of each array element, The input 
impedance, Z;", of a single antenna 7 is defined in Chapter 4 (Section 4.6) in 
the form 


o y” | 
Zi! = (6.1) 


where V” is the feed voltage and J" = /,/, is the corresponding total current 
through the feeding edge. Because of the electromagnetic interaction between 
different array elements, Eq. (6.1) cannot be automatically applied to the 
antenna array. Other array elements irradiate element 7 and thus change the 
feed current J”. Therefore the value of Z“ has to be changed as well. 

For an array of N elements. the terminal impedance, Z", of the array 
element # is given by Eq. (6.1) under the assumption that all the array ele- 
ments are simultaneously excited by the corresponding voltages V',..., V“ 
[1, pp. 282-283]. Words “driving” impedance [3, p. 426] or “active” impedance 
[5, p. 155} are also used. 

This circumstance offers a way to calculate the terminal atray impedances 
using the approach developed previously for a single antenna. As in Chapters 
4 and 5, the impedance calculations are done in the script rwg4.m. A few 
modifications need to be made in that script. First we find driving edges for 
each array element as those closest to the given array Feed: 


N=length(Feed(1,:)); 
Index=[]; 
for k=1:N 
for m=1:EdgesTotal 
nl=Edge_(1,m); 
n2=Edge_(2,m); 
Distance (m)=norm( (p{1:3,nl)+o(1:3,n2)) /2-... 
Feed(1:3,k)}); 





end 
[¥, INDEX] =sort (Distance); 
Index=[Index INDEX(1)]; Center feed - dipole 

















end 


The array Index outputs the numbers of driving edges. The length of this 
array equals N, namely the number of array elements. We must assume here 
that the driving voltages are all equal to 1 V and all have the same zero phase, 
that is, 
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Index)=1.0*Edđdgekength (Index) ; 





Further the system of moment equations is solved using Gaussian elimination. 
The terminal impedances are then found by applying Eq. (6.1) to each element 
of the array separately. The corresponding loop, which also calculates the 
power radiated by the array elements (lossless arrays only), is written in the 
form 


for n=1:N 
mnn=Index(n); 
GapCurrent (mn) =I (nn) *EdgeLength {nn}; 
GapVoltage(n)=Vi(nn}) /EdgeLength (nn) ; 
Impedance (n) =GapVoltage(n) /GapCurrent (n); 
FeedPower (n}=1/2*real (GapCurrent(n)* . 
conj {(GapVoltage{n)})}); 

end 





Total radiated power is simply the sum of powers radiated by each antenna 
element. 

For example, the terminal impedance of two half-wavelength dipoles 
(stripl.mat) at 75 MHz, separated by 2m (by a half wavelength) becomes 
(run the code sequence rwg1.m - rwg4.mand do not change anything in the 
code} 


Zi, =674) x13 (6.2) 


The value predicted in Eq. (6.2) is close to the early estimation found in Kraus 
[1. p. 283] who predicted 60 + j x 14Q. The total antenna array impedance 
at a driving point is given by terminal impedances in parallel [1], namely 
(see Fig. 6.3) 
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Figure 6.3. Array of two dipoles with arrangement for driving elements. 
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The same formula for the total impedance is valid for an atray with an arbi- 
trary number of elements. 


6.4. IMPEDANCE AND RADIATED POWER OF TWO-ELEMENT ARRAY 


It is interesting to check the behavior of the terminal impedance as a function 
of array spacing, d. For simplicity we again consider the array of two identi- 
cal parallel half-wavelength dipoles with the length of 2m and width 0.02m 
(strip2.mat). Figure 6.4 shows the real (input resistance) and imaginary 
(input reactance) part of the terminal impedance for each array element.’ 

Since there is no difference in relative positions of the two array elements, 
both of them clearly have the same terminal impedance. It is seen that when 
the distance between array elements increases, the terminal impedance 
approaches the impedance of the corresponding half-wavelength dipole 
(Chapter 4, Table 4.1) shown in Fig. 6.4 by a dashed line. 

Another quantity of interest is the total radiated power of the array. We 
consider the same example of two dipoles. The total power is found using the 
formula [1, p. 284] 


P, =P; +P? = 5 REV") 45 Rel PV) 


2 1 2 
=E Re(Z 7" + Re(Z r (6.4) 


The star denotes complex conjugate. Equation (6.4) assumes an array of 
lossless antenna elements. Figure 6.5 shows the total radiated power as a func- 
tion of the separation distance, d. The dashed line at the bottom is the power 
radiated by a single half-wavelength dipole (0.0045 W; see Table 4.4 of Chapter 
4). The upper dashed line is twice that value. When the distance between the 
array elements increases, the total radiated power clearly tends to the value 
of 0.0090 W, However, at relatively small separation distances, the total array 
power may be as much as 60% higher. The first power resonance occurs when 
the separation distance is approximately 2m (half-wavelength). At that point 
the terminal impedance is given by Eq. (6.2). It is predominantly real and 
matches 50Q better than the impedance of the single half-wavelength dipole 
(Chapter 4). This inviting array property appears for mutually-coupled array 
elements. 


' Although this cxample may be simple from the numerical point of view, its Lheoretical descrip- 
lion is very complicated. 
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Figure 6.4. (a) Input resistance; (b) input reactance versus separation distance, d, for two half- 
wavelength dipoles, 2m long each. The dashed line shows the corresponding result for a single 
dipole. 
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Figure 6.5. Total radiated power of the two-dipole array as a function of the separation 
distance, d. Dashed lines show the corresponding results for a single dipole and for two 
uncoupled dipoles, respectively. 


6.5. HOW TO ORGANIZE THE MATLAB LOOP 


The results of the previous section were obtained by organizing the source 
codes multilinear.m, rwgl.m - rwgå.m into a loop with respect to the 
variable separation distance, d. The corresponding loop codes are saved in 
the subdirectory 100p1. The first step is to convert the scripts into Matlab 
functions by adding a function line at the top of them. For example, the 
script rwgi.m is converted to the function by adding the line 





function []=rwg1 

in place of the clear all statement at the top of the script. The script 
multilinear.m needs an mput argument, d, which is the antenna separa- 
tion distance. Therefore the following line is invoked: 


Function {]=multilinear (d) 


The script xwg4.m needs two output arguments. They are the array of 
terminal impedances and the total power, that is, 
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function [Impedance, PowerSum] =rwg4 


The next step is to create a wrapper script containing the loop itself. This script 
(loop.m) yields the anticipated loop in the following form: 


for k=1:M 
d(k)=dS + (k - 0.5*Step}; 
multilinear (d{k)); 
rwol; rwg2; rwg3; 
[Impedance(k,:], PowerSum(k) ]=rwg4; 
end 


You may want to run the script Loop.m first to estimate the processor time 
necessary to perform the loop with M = 100. The script output was given in 
Figs. 6.4 and 6.5, respectively. The already precalculated data are saved in the 
binary file loop.mat in the same subdirectory. Load this file and plot 
PowerSum versus d. that is, (plot (d,PowerSum); grid on;)}in order to 
obtain Fig. 6.5, 


6.6. ARRAY NETWORK EQUATIONS 


From the viewpoint of the transmission line theory [6,7], the relationships 
between the feed currents and voltages in the antenna elements are given by 
the so-called network equations: 


y! = Zad! +Z? +.. EAE 
ye = Zo J +Zinl? +a + Zand 


y* = Zaad! “+ Zyd? +... + LNN ye (6.5) 


where Z,,,, defines the feed voltage at antenna mm due to a unity current in 
antenna element n when the current in all the other feeds is zero, When 
indexes #7 and a are not identical, the term Z,, represents the mutual imped- 
ance between elements m and n. The term Z,,,, 18 called the self-unpedance of 
element mm. 

The terminal impedances introduced above can be expressed in terms of 
self- and mutual impedances. For example, 


Z? == Zut y Zott T Ži (6.6) 


Not only Z„ but also the feed currents are necessary to find the terminal 
impedance using this approach. Equations (6.5) and (6.6) are useful when 
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analytical approximations are available for the fecd currents, similar to the 
point source approximation. These approximations [4, pp. 426-428] will not be 
considered in the present text. From a numerical point of view, Eqs, (6.5) and 
(6.6) are rather inconvenient, since we would have to disconnect the corre- 
sponding RWG edge elements in order to program the condition of zero elec- 
tric current in the feeds. 


6.7. DIRECTIVITY CONTROL 


In our discussion of basic antennas in the previous chapters, we saw that these 
antennas can usually be made more directional by making them large relative 
to a wavelength. This often poses problems, however, because such structures 
can become difficult to fabricate and mancuver when they are large. Another 
problem is that the antennas often do not offer as much freedom as we would 
like in shaping the exact characteristics of the radiation patterns, such as their 
directivity and side-lobe characteristics. 

An attractive way around these limitations is to construct arrays of small, 
simple elements, such as dipoles or monopoles. By positioning and feeding 
each element appropriately, one can attain large directivities, even when the 
radiation pattern of each clement (alone) is relatively poor. Also one can 
change the direction of maximum radiation by changing the phases of the feed 
voltages (electronic beam steering). Electronic beam steering is often better 
than mechanica! steering, since it is usually faster and does not demand heavy 
positioning equipment. In this and in the following sections, we will study the 
directivity and gain control of simple antenna arrays. The beam-steering mech- 
anism (scanning array) will be considered later in this chapter. 

There are three major factors that must be considered to control the direc- 
tivity: (1) the geometrical factor, (2) the phase factor, and (3) the number of 
array elements. Accordingly there are two basic array types that can be con- 
trolled either by element spacing or by relative phases of the fed voltages. 
These arrays are called broadside and end-fire arrays, respectively. Broadside 
arrays generate their maximum radiation perpendicular to the array axis. 
On the contrary, an end-fire array directs its main lobe along the array axis. 
Figure 6.6 provides the corresponding schematic. 

In terms of the azimuthal angle, @, the broadside directions are the @ = 90° 
and 270" directions in Fig. 6.6. The end-fire directions are the d= 0° and 180° 
directions, respectively, While the broadside array can be controlled by the 
array spacing only, keeping the feed voltage the same for any array element, 
the end-fire array requires voltage phase adjustment. Below we will analyze 
both array types, with the help of the Matlab scripts of the present chapter. 


6.8. BROADSIDE ARRAY 


Alter the code sequence rwg1.m - rwg4.mis complete, the array radiation 
pattern and the gain can be calculated using the script efiel d3 .m. This script 
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Figure 6.6. Bracadside and end-fire radiation directions for a linear array whose axis is the 
X-axis. 


(run it after efe1da2.m) outputs only one radiation pattern in the most inter- 
esting xy-plane—-the H-plane for the array of linear dipoles. The script outputs 
the array directivity pattern in dB as well as the array gain for this pattern 
(maximum directivity in dB in the xy-plane). Figure 6.7 shows the script output 
for a two-dipole linear array with the element spacing d = 0.24, 0.54, 1.04, and 
1.5A (the offset in dB is set to zero). The dipole length always equals half- 
wavelength (stripl.mat; frequency is 75MHz). The x-axis (the antenna 
axis) corresponds to the zero azimuthal angle. 

First we see in Fig. 6.7 that the element spacing greatly affects both the 
shape of the radiation pattern and the gain. When the separation distance 
between two dipoles is small (less than a half wavelength), the array does not 
radiate effectively. For the array with d = 0.24, the gain is 2.8dB, which is only 
0.6dB greater than the gain of the single half-wavelength dipole (Section 4.9 
of Chapter 4). Note that the logarithmic gain of 2.8dB corresponds to the 
linear gain of 10°" = 1.91, 

If the spacing between two dipoles becomes greater than onc half- 
wavelength (Fig. 6.7c, d), then the lobes in the broadside direction become 
narrower. However, the grating lobes (or the side lobes) appear, and the 
overall gain drops down. The best choice is thus d = A/2 (Fig. 6.70), which yields 
the highest gain of 5.9dB. Simultaneously, the radiation pattern does not have 
side lobes. The general rule is therefore that the maximum spacing between 
the elements should be less than one wavelength [4, pp. 262-266] or even less 
than one-half wavelength [8, p. 611] to avoid any grating lobes. 

A very important figure-of-merit of an array (and any other antenna) is 
the half-power beamwidth, HP. It is the angular separation of two points in 
Fig. 6.7, where the radiation intensity is equal to one-half of its maximum 
value. Hence 


HP = loin ~ rien (6.7) 


On the logarithmic scale, 10 x log,,(1/2) = -3dB. Therefore two angles giit, 
Mtn Correspond to the—3 dB drop down with regard to the pattern maximum. 
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Figure 6.7. Broadside array: Directivity pattern (xy-plane) of the radiated array field 
(efie1 G3 .m). The broadside array of two-half-wavelength dipoles is considered at d = 0.22, 0.54, 
1.04, and 1.54. 


For example, the half-power beamwidth in Fig. 6.7h is approximately 60°. In 
Fig. 6.7a the beamwidth ts approximately 180° (omnidirectional antenna). 

The next optimization parameter is the number of array elements. 
Figure 6.8 shows the far-field intensity for two arrays with 2 and 5 half- 
wavelength dipoles, respectively. These arrays are created using the script 
multilinear .m with a variable number of array elements (N=2 and N=5). 
The calculations are done in the script efield2 .m. The dipole length equals a 
half-wavelength (frequency is 75 MHz) and the separation distance is d = 7/2 
= 2m. We see that the array gain increases from approximately 6 to 10dB if 
the number of elements increases from 2 to 5. 
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Figure 6.8. Broadside array: radiation intensity over a sphere surface (output of the script 
efe1d2.m. (a) Array of two hali-wavelength dipoles; (b) array of five half-wavelength dipoles. 
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6.9. END-FIRE ARRAY 


An end-fire array directs its main lobe along the array axis (the x-axis in our 
case), Unlike broadside arrays, in which the phase, 6, of the feed voltage is 
always the same (zero) for every antenna clement, there are a number of phase 
shifts here that result in end-fire radiation patterns. The phase control is done 
in the seript rwg4.m. Each array element, already sorted in ascending order 
according to its position on the x-axis, acquires an incremental (progressive) 
phase shift according to the following loop: 


phase=-2*pi/3; 
for n=L:N 

nn=Index in); 

V(nn)= Vinn) *exp(j*phase* (n-1)); 
end 


For example, for an array of N elements, this code predicts the feed voltage 
of the first element as 1 x cos(@r) V. the feed voltage of the second element 
as 1 x cos{wt— 120°) V, the feed voltage of the third element as 1 x cos(a@r — 
240°) V, and so on. 

How must the phase shift be chosen in order to ensure the radiation in the 
end-fire direction? Figure 6.9 shows a numerical experiment for a linear array 
of two dipoles (stripl.mat) involving four different phase shifts: 8 = 0, 6= 
—60°, ô = —120°, and ô= -180° between two elements. The element spacing is 
fixed as d= A/3 = 1.333 m. The dipole length equals half-wavelength (frequency 
is 75 MHz). The radiation patterns in the xy-plane are shown. The x-axis 
(antenna axis) corresponds to an azimuthal angle of zero. 

We see from Fig. 6.9 that the nonzero phase shift drastically changes the 
radiation pattern of the array. When 6= 0, the lobes are directed broadside to 
the array axis. This case is referred to as a broadside case [1, p. 262], as we saw 
in the previous section. As increases to 180°, the lobes bend toward the end- 
fire direction @= 0°. This is the second special case, called the end-fire case [1, 
p. 264]. The further increase in the phase leads to the same results. The shift 
in the radiation pattern shown in the figure is a simple example of electronic 
beam steering. 

The most inviting choice in Fig. 6.9 is, however, 6= —120°, when the antenna 
radiates in only one direction. This choice is also supported theoretically [4, 
pp. 264-266]. That is to say, signals from the first and the second antenna 


element arrive at a point in the end-fire direction 6 = 0° in phase, if 


27 


ô =—kd = -— 
3 


(6.8) 


Here k = o/c is the wavenumber, and d = A/3 = 1.333 m is the separation dis- 
tance between antenna elements. 
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Figure 6.9. (a) Broadside; (b—d) end-fire arrays: Directivity patterns (xy-plane) of the radiated 
array field (eficld3 .m). The array of the two half-wavelength dipoles is considered at d= 0, 6 
=-60°, d=-120°, and 6=-180°. The element spacing is d = 4⁄3 = 1.333m. 


The term “in phase” means that these signals are added to each other in 
the end-fire direction @= 0°. At the same time they are canceled in the oppo- 
site direction @= 180°, This is why we see almost no backward radiation in Fig. 
69c. Indeed, the interaction between two dipoles modifies the radiation 
pattern so that we still see weak radiation in the direction @ = 180°. 

By analogy with the broadside array, one could expect that if the number 
of array elements increases, a shaped end-fire beam pattern would be 
obtained, a pattern better than the end-fire pattern for two dipoles shown in 
Fig. 6.9c. This is generally true but the array spacing has to be adjusted pro- 
perly. The end-fire (phased) array is a considerably more complicated radiat- 
ing system than the broadside array. 
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The broadside array actually is a special casc of the phased array where the 
incremental or progressive phase shift, 5, is equal to zero. The general rule for 
end-fire arrays is that the maximum spacing between the elements should be 
less than one quarter-wavelength, namely d < A/4 [8, p. 613], in order to avoid 
high lobes in the other directions. Note that this condition is stronger than the 
corresponding condition d < A/2 for broadside arrays (see the preceding 
section). 

The increase in directivity of the end-fire multiple-element array is usually 
more modest than what occurs for broadside arrays [8, p. 613]. The radiated 
power of end-fire arrays is also smaller. 


6.10. PATTERN MULTIPLICATION THEOREM 


The basis of the array theory is the pattern multiplication theorem. This 
theorem states that the combined pattern of N identical array elements can 
be expressed as the element pattern times an array factor, 


AB.) (6.9) 


Here @, gare the polar and azimuthal angles shown in Fig. 6.10. We will derive 
the pattern multiplication theorem in the azimuthal plane, namely at 0 = 90°, 
keeping in mind that the same derivation holds in the elevation plane (e.g., 
see [4, pp. 257-259]). Let us assume that a signal from the first array element 
has phase zero at an observation point located very far from the array. The 
corresponding phase factor will be e”. The signal from the second element will 
have the relative phase 
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Figure 6.10, A linear five-element array of dipoles. The element spacing is d, the phase shift 
between adjacent elements is 6, and the observer angle with respect to the array axis (the x- 
axis} is —@. 
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y=kdcoso+é (6.10) 


at the observation point. Equation (6.10) gives the sum of two components. 
One of them is the incremental phase shift, ô, in the array element feed. The 
other ts the phase shift arising from the different propagation distances to the 
observation point. The propagation distance for the second element is smaller 
by dcos @ (Fig. 6.10). The corresponding phase shift is that difference multi- 
plied by the wavenumber, k. Therefore the phase factor of the second element 
will be e™. Analogously the phase factor of the third element is e?”, and so it 
goes. The field at the observation point is the sum of al! the element contri- 
butions, which yields 


AQ) =e +e tei 4). Hen (6.11) 


where N is the number of antenna elements. To simplify the preceding expres- 
sion for A(y), let us multiply both sides by e", obtaining 


eY At) =e! te 4 te (6.12) 
Subtracting this expression from Eq. (6.11) yields 
(ejay) = l-e" {6.13) 
Solving for the array factor, we obtain 


_ ality jayi jN wi? ott yw? 
ee € E O L givliN-h)i2] 
e" e jy? ew? _ eii? 


sin( Ny 2) 
sin(y /2) 





(6.14) 


AW) = - 


Finally, since we are usually concerned only with the magnitude of the far-zone 
radiation pattern, we can drop the exponential phase term, yielding 


sin(Ny '2) 


AW)= sin(y 2) 


(6.15) 





Note that A(y attains a maximum value of Amars = N when y= 0. The array 
factor A(y) of a linear array is a function of the number of elements, their 
spacing, and the phase difference between each element. Even if the number 
of elements is fixed, there are a great variety of different array factors that 
can be obtained, depending on the element spacing d and differential phase 
shift 6, 

Once the array factor is calculated using Eq. (6.15), the beam pattern is 
obtained as a product of A(y) and the beam pattern of the individual array 
element. For the half-wavelength dipole considered in this chapter, the beam 
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pattern in the xy-plane is a circle whose radius is 2.15dB (omnidirectional 
antenna; cf, Chapter 4). Therefore, the theoretical beam pattern in the xy-planc 
is the following: 


D = 10 log (A(y))+2.15dB (6.16) 


It must be emphasized that Eqs. (6.15) and (6.16) assume that the array ele- 
ments are uncoupled, meaning that a current in one element does not excite 
appreciable currents on other elements. This is the most serious limitation of 
the pattern multiplication theorem, restricting its use to arrays with large 
element spacing. Equation (6.16) is programmed in the script efield4.m in 
the Matlab directory of the present chapter. 


6.11. COMPARISON OF THEORY AND SIMULATION 


In order to compare theory with the numerical simulation, we should mini- 
mize coupling between array elements. Ideally an array with infinitely large 
element spacing should be used. However, such an array does not exist in 
practice. Therefore the following example is considered. An array of four 
half-wavelength dipoles at 75 MHz (each dipole is 2m long) has the ele- 
ment spacing d = 10m and the incremental phase shift 6=—180° (in order to 
satisfy the end-fire array condition Eq. (6.8)). Figure 6.11a shows the corre- 
sponding radiation pattern in the xy-plane. The solid curve is the numerical 
simulation, whereas the dashed curve is generated using Eq. (6.16). We see 
that the agreement between theory and computations is generally very well, 
including faithful reproduction of the relatively narrow side lobes in the broad- 
side direction. Note that the pattern is calculated at 1000m. 

The pattern multiplication theorem looses its accuracy when the element 
spacing becomes smaller and the coupling between different array elements 
becomes important. The numerical approach discussed in this chapter is more 
general and allows for arbitrary element spacing, including dense arrays. As 
an example. Fig. 6.115 presents the beam pattern of an array of four half- 
wavelength dipoles (each 2m long) separated by d = A/3 = 1.333m at 75 MHz. 
The phase shift given by Eq, (6.8) is ô= —120°. The solid line is the numerical 
simulation, whereas the dashed line is generated using Eq. (6.16). One can 
see that the array gain remains nearly the same in both the cases. However, 
Eq. (6.16) predicts a higher beamwidth and some side lobes. These results are 
not confirmed by the numerical simulation. 

As a further example, we consider the same array of four dipoles when 
the element spacing reduces to d = 4/4 = 1m at 75MHz. The corresponding 
phase shift given by Eq. (6.16) is 6 = —90°. The disagreement between the 
theory data (dashed line) and simulation (solid line) in Fig. 6.11¢ becomes 
even worse, It also involves a considerable discrepancy in the predicted array 
gain. 
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Figure 6.11. (a) Beam pattern for a four-element end-fire linear dipole array at 75 MHz when 
d = 10m (solid lineé—numerical simulation; dashed line—theory prediction}, (b) beam pattern 
for a four-element end-fire linear dipole array at 76MHz when d = 1.333m (Solid line— 
numerical simulation; dashed line—theory prediction); (c) the same patten as (b) but when 
d=1mand ó= -90°, The patterns are calculated at 1000m. 


6.12. OPTIMIZATION OF END-FIRE ARRAY: THE PHASE LOOP 


A typical optimization problem for the phased array implies high directivity, 
narrow beamwidth, and low side lobes. A large number of theoretical 
approaches have been developed to solve this problem [9]. Among them is the 
Hansen-Woodyard formula for the phase shift of closely spaced array elements 
[4. pp. 271-276]. In this approach only the phase is optimized, whereas other 
array parameters are fixed. The Hansen-Woodyard formula takes the form 


5=-{ra Z) (6.17) 
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where N is the number of array elements. Equation (6.17) assumes that the 
number of array clements is large, namely N >> 1. This formula gives the best 
results if the spacing between array elements is approximately 4/4, that is. 


A 
4 


d= (6.18) 

More sophisticated (binomial [4] and Taylor [10])} distributions also vary 
the amplitude of the feed voltage along the array axis. The general idea for 
the nonuniform feed voltage is a tapered amplitude profile, with almost zero 
voltage at the array ends [11]. A nonuniform element spacing can be also used 
to optimize the beam pattern [12]. A number of analytical results for planar 
arrays are collected in [13] (see also the corresponding reference list) and in 
[14, ch. 9]. 

The numerical simulation gives the most accurate optimization results for 
any type of the array. However, this poses a problem, which is connected to a 
large number of beam patterns that have to be generated and observed for 
the optimization purposes. In this section we discuss the generation and graph- 
ical representation of beam patterns corresponding to different phase shifts 
(the phase loop). The element spacing, d, of the array is assumed to be fixed. 
The idea of the phase loop can be extended to model a nonuniform amplitude 
distribution along the array as well. 

The organization of the Matlab loop has already been outlined in Section 
6.5. There a loop with respect to different element spacing of an array was 
created. The corresponding loop codes were saved in subdirectory loop1 of 
the Matlab directory of Chapter 6. For the phase loop, we reserve the sub- 
directory loop2. The loop variable is now the incremental phase shift, 
phase (k). 

As in Section 6.5, the corresponding Matlab scripts are first converted into 
Matlab functions by adding a function line at the top of them. In particu- 
lar, the function multilinear has now two areuments: 


multilinearfd,N); 


The first argument is the element spacing, whereas the second argument 
denotes the number of elements. A wrapper script (Loop . m) yields the antic- 
ipated phase loop in the following form: 


K=20; Step=pi/K; rad 
for k=1:K+1 

phase (k) =-{k-1)*Step; 

Powerl =xrwg4{(phase(k)}; 

[PolarXY, GAIN, phi] =efield3; 

Radius -=max(Polarxky,0}: 

x1l(k,:) =Radius.*cos(phi); 

ylik,:) =Radius.*sin(phi); 

Zl(k,:) =-phase(k) *ones(length(x1),1)’; 
end 
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The loop calculates the beam pattern for each phase value in the range from 
0 to —z. These beam patterns are originally plane curves in the xy-plane. If we 
assign a coordinate z = —phase(é) to each pattern, we obtain K spatial curves. 
Taken together, these curves form a surface in 3D. The surface is visualized 
and observed (using mouse rotation) using the following command line: 


surf(xl,yl,z1); colormap gray; rotate3d; 


Thus a beam pattern at a given phase(x) is obtained as a cross section of the 
output surface by a plane perpendicular to the z-axis. 


6.13. HANSEN-WOODYARD MODEL 


Figure 6.12 shows the output of the script Loop.m (phase loop in subdirec- 
tory loop2) for the array of two half-wavelength dipoles (strip1.mat) at 
7SMHz separated by d = A/4 = 1m. To obtain Fig. 6.12, run this script and do 
not change anything in the code. 

The phase is now measured in radians. The beam pattern at 6 = 0 is the 
broadside array; the beam pattern at 6=—zis the end-fire array with two oppo- 
site side lobes. The solid curve indicates the radiation pattern at ô = —z/2, 
obtained according to Eq. (6.8). Note that the Hansen-Woodyard formula 
(6.17) predicts a rather incorrect phase value 6 = —z in that case. The reason 
for this is the insufficient number of array elements, N. Figure 6.12 indicates 
that 6=—z/2 is almost the best choice for the phase shift when the condition 
of no opposite side lobe is implied. A slightly higher (in magnitude) 6 will 
increase the gain in the end-fire direction @=0° but simultancously will create 
a minor side lobe in the opposite direction. 

The next example is the same array but the number of dipoles is increased 
from 2 to 4. Figure 6.13 shows the corresponding output of the script Loop.m. 
Forty sampling points (K=40) in the phase domain are used instead of 20 
points in the previous example. This is necessary because the phase dis- 
cretization and the discretization of the beam pattern have to be refined in 
order to see the details of the pattern transformation. The solid curve indi- 
cates the radiation pattern at 6 = —z/2, obtained according to Eq. (6.8); the 
dashed line is the pattern at ô= -37/4 (Hansen-Woodyard formula). 

Similar to the array of two dipoles, the Hansen-Woodyard formula pre- 
dicts too high magnitude of the phase shift. The optimum phase shift lies 
somewhere between 6 = -7/2 (Eq. (6.8)) and 6 = ~3a/4 (Hansen-Woodyard 
formula). 

In the final example (Fig. 6.14), the number of dipoles is increased to eight. 
Figure 6.14 shows the corresponding output of the script loop.m. Unlike 
Figs. 6.12 and 6.13, different rotation angles are used in order for us to better 
observe the beam pattern transformation. The solid curve is again the radia- 
tion pattern at 6=—z/2. The dashed curve corresponds to 6=—52/8. This value 
is obtained using the Hansen-Woodyard formula. We can see from Fig. 6.14 


136 ANTENNA ARRAYS: THE PARAMETER SWEEP 


—5, rad 














0 





2 
Gain, dB 


Figure 6.12. Transformation of the radiation pattern from a broadside array (bottom) to the 
end-fire array (top) as a function of the phase shift. The array of two dipoles separated by 
d = 4/4 is considered. The solid curve indicates the radiation pattern at 6 = —aA/2. 


that the Hansen-Woodyard formula finally gives the result much better than 
Eq. (6.8). In other words, we have “enough” array elements to be sure that 
Eq. (6.17) is working properly. Minor side lobes still are expected at 6=—57/8. 
The optimum phase shift could have a smaller magnitude. 

It is interesting to test the radiation pattern for 6 = -52/8. The phase 
loop is not appropriate for the generation of single patterns. Therefore the 
core code in the root directory Matlab should be used. Figure 6.l5a shows 
the beam pattern of the eight-element end-tire array at 6 = —5a/8. The array 
gain is 11.3dB. We also see a number of side lobes whose strength reaches 
5 dB. 

For the purposes of comparison, Fig. 6.155 shows a similar result obtained 
for the eight-element array if we change the separation distance to d = A/3. 
The phase shift is chosen in the form 6 = —0.72z, The radiation pattern sur- 
prisingly has a higher gain and smaller side lobes. This 1s despite the fact that 
the value d = 4⁄3 does not actually belong to the “design” range d < A/4 [4.8]. 
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Figure 6.13. Transformation of the radiation pattern from a broadside array (bottom} to the end- 
fire array (top) as a function of the phase shift. The array of four dipoles separated by d = 2/4 
is considered. The solid curve indicates the radiation pattern at ô= —2/2; the dashed line cor- 
responds to Eq. (6.17). 


We see that the phased array design could show unique behavior, especially 
in the case of mutually coupled array elements. 

The phase loop developed in this section allows for arbitrary phase distri- 
butions, and not just for the uniform progressive phase shift. Similarly a 
nonuniform amplitude distribution along the array can be considered such as 
binomial or Dolph-Tschebyscheff distribution [4, ch. 6]. 


6.14. POWER MAP OF END-FIRE ARRAY 


A clue for understanding the physics of end-fire arrays is the distribution of 
radiated power for different array elements. Since we consider lossless arrays, 
the array FeedPower (1:N) from the script rwg4.m is equivalent to the dis- 
tribution of radiated power. Figure 6.16 outlines the radiated power for each 
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Figure 6.14. Transformation of the radiation pattern from a broadside array (bottom) to the 
end-fire array (top) as a function of the phase shift. The array of sight dipoles separated by 
d = A/4 is considered. The solid curve indicates the radiation pattern at 6 = —z/2; the dashed 
line corresponds to Eq. (6.17). 


of the elements of the end-fire array of eight half-wavelength dipoles 
(stripl.mat) with the spacing d = A/4 and 6 = —a/2, The dashed line is the 
power radiated by a single dipole antenna. The radiation pattern of that array 
is outlined by a solid line in Fig. 6.14. 

As can be seen in the figure, only the leading array element radiates sub- 
stantial power. The other array elements radiate very poorly. In other words, 
they squint the already radiated electromagnetic field in the end-fire direction 
b=0°. 

Actually we do not even need the voltage feeds at these almost passive ele- 
ments and can replace the elements by simple wires. This idea is realized in 
the Yagi-Uda antenna—a very practical directional radiator (and receiver) in 
the broad range 3 MHz ~3 GHz [4, pp. 513-532]. The Yagi-Uda antenna was 
widely used as a home TV antenna, so it should be familiar to most readers. 

Since the voltage phase control in multiple array feeds is expensive (see the 
next section) a reasonable question arises of why do we need the end-fire 
arrays at all. The reason for using end-fires arrays is, nevertheless, an ability 
of electronic beam steering. An example will be considered in the next section. 
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Figure 6.15. Beam pattern for the eight-element end-fire linear array; (a) d = 4/4 and 6=—5zi8: 
(b) d = 4/3 and ë= 0.727. 


6.15. PHASED (SCANNING) ARRAY 
The idea of the scanning array is very simple and elegant [4,9]. The 
maximum valuc of the array factor given by Eq. (6.15) is attained when 


(Section 6.10) 


w =kdcosġ+ô=0 (6.19) 
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Figure 6.16. Radiated power for each of the elements of the eight-element end-fire array of 
half-wavelength dipoles with d = 4/4 and dé = —z/2. The dashed line shows the power radiated 
by a single array element—the half-wavelength dipole. 


Here @is the azimuthal angle in the xy-plane and 6 is the incremental or pro- 
pressive phase shift. Let us assume that the maximum radiation of the array 
is required to be oriented at an angle œ. To accomplish this, the phase excita- 
tion, ô, between the elements must be adjusted so that 


kdcoséo +d =0 or 6 =—kd cosdy (5.20) 


Thus, by controlling the progressive or incremental phase difference between 
the elements, the maximum radiation can be directed at any desired angle to 
form a scanning array. This is the basic principle of electronic scanning phased 
array operation. Since, in the phased array technology, the scanning must be 
continuous, the system should be capable of continuously varying the pro- 
gressive phase between the elements. In practice, thts is done electronically by 
the use of ferrite or diode phase shifters. For ferrite phase shifters, the phase 
shift is controlled by the magnetic field within the ferrite. which in turn is con- 
trolled by the amount of current flowing through the wires wrapped around 
the phase shifter. 
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For a diode phase shifter using balanced, hybrid coupled variable capaci- 
tors (varactors), the actual phase shift is controlled either by varying the bias 
de voltage or by a digital command using a DAC (digital-to-analog) converter 
[4, ch. 6]. 

To demonstrate the principle of scanning, we use the code sequence in 
the root directory Matlab. An eight-element array of half-wavelength 
dipoles (stripi.mat) at d= A/4 and with a starting phase shift 5 = -7/2 is 
considered. Script efield2.m outputs the radiation intensity distribution 
over a large sphere and allows us to visualize the scanning directions. Note 
that we will be using the finer structure spherel.mat with 8000 boundary 
elements in the script efield2.m. Both sphere structures (sphere.mat 
and spherel.mat) are saved in the Matlab root directory of Chapter 6. 
Figure 6.17 shows four intensity distributions corresponding to œ =0°, 30°, 45°, 
and 60°. This gives, according to Eq. (6.20), 6 = —0.500z, -0.4332, 0.3547, and 
-0.250z. Rotate the sphere for the best observation angle. 

In Fig. 6.17 we can observe how the maximum radiation (and reception) 
directions of the array track the angle +@, in the azimuthal plane by way of a 
variable progressive phase shift. Indeed, a commercial phased array would 
provide better performance and narrower beamwidth, but that assumes a 
more sophisticated design. 


6.16. ARRAY OF BOWTIES OVER A GROUND PLANE 


The last example of the present chapter is rather practical. We consider an 
array of 8 x 8 small bowtie antenna elements over a ground plane. This design 
relies upon one of the prototypes developed by Seavey Engineering Associ- 
ates, Inc., Massachusetts. The array structure is shown in Fig. 6.18. 

The mesh for the antenna array is created using the array generator 
multibowtie.m in subdirectory mesh. This scripts imports the bowtie mesh 
(bowtie.mat)° and clones it into the array of 8 x 8 mutually perpendicular 
array elements. Further it creates a ground plane (plate.mat) and attaches 
it underneath to the array of bowties. The interested reader can observe the 
structure shown Fig. 6.18a@ if he or she runs the script multibowtie.m and 
does not change anything in the original code. The script allows us to vary array 
dimensions, number of array elements, and relative spacing. 

The following dimensions are chosen for the present simulation: the size 
of the ground plane is 6 x 6m; the size of the bowtie array element is 0.45 x 
0.5cm (flare angle is 90°); the separation distance between the array and 
the ground plane is 0.5m. The operation frequency is 150 MHz. 

Bach bowtie is divided into 30 subtriangles; the plate has 512 subtriangles. 
The total number of RWG edge elements of the structure is 2976 (the number 


For the bowtie mesh generator, see Chapter 7. 
For the plate’strip mesh generator, scc Chapter 4. 
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Figure 6.17. Radiation intensity distribution for a scanning array of eight half-wavelength 
dipoles separated by d = 4/4 at different values of the progressive phase shift, â. 


of triangles is 2432). Each bowtie is a center-fed (dipole-type) antenna, 
with a feeding edge located exactly in the middle junction (Fig. 6.18c). The 
calculations are performed in the root directory Matlab after all the antenna 
parameters are specified. The phase angles are equal to zero. 

The code for that array requires relatively large CPU processor run times. 
In particular, the script rwg3.m is executed in 4.8 minutes: the script 
rwg4.m—in 2.2 minutes. The whole code sequence takes about 9 minutes. 
These data are for a computer with Pentium IV 1.7 GHz processor and | Gbyte 
RAM (Windows ME). 
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Figure 6.18, (a) Array of 8 x 8 bowties over a ground pla 
(c) mesh for a single bowtie and a typical surface current 





ne; (b) map of the element numbers; 
distribution. 


Figure 6.19 shows the surface current distribution obtained using the script 


rwg5.m at 150MHz (the top view). This map 


is simultaneously the map of 


the radiated power, since power is current times voltage in the feed, and the 
voltage is always equal to 1V, It is seen that almost all array clements create 
substantial surface currents (radiate effectively). However, there are some 
“dark” elements that do not radiate substantial power. The situation, however, 
improves when frequency reduces to 120-130MHz. The analysis of the 





corresponding current and power (array Feed! 


Power (1:N))} distributions at 


120MHz show nearly uniform power distribution across the entire array 


lattice. 
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Figure 6.19. Surface current map {top view) of the array at 150 MHz. 


Table 6.1 gives the input impedance (terminal impedance) values of the 
array elements at 150MHz. The element mapping for this table corresponds 
to Fig. 6.18). Obviously the elements with larger impedances have smaller 
current magnitudes, since J” = 1 V/Z". 

Figure 6.20 shows the 3D radiation pattern of the array at 150 MHz 
(efield2.m) and the corresponding directivity pattern in the xz-plane (a 
slightly modified efield3.m to account for the xz-plane instead of the xy- 
plane). Although the main beam has a significant gain and a small half-power 
beamwidth, side lobes are observed on the level of -14dB. 


6.17. ON THE SIZE OF THE IMPEDANCE MATRIX 


The preceding section posed a problem connected to the maximum size of 
the impedance matrix allowed by Matlab. An attempt to increase the mesh 
size for the single bowtie to 48 triangles led to a structure totaling 3584 trian- 
gles and 4512 RWG edge elements, Although the impedance matrix can 
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Table 6.1. Terminal Impedance at 150MHz, x100Q 














0.19 0.34 0.27 0.24 0.24 0.24 0.26 0.35 
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-0.36 0.36) 0.447 0.277 0410.27),  -0.41lj 0.3345 











still be created and saved on the hard drive, the matrix equation becomes 
impossible to solve directly (Gaussian elimination). An Out of memory 
warning message appears that cannot be handied using the standard Matlab 
help recommendations such as increasing virtual memory from the Windows 
Control Panel. 

One option that has worked for many users in the past who were experi- 
encing Out of memory errors is to disable the Java Virtual Machine that 
starts up with MATLAB 6.0.1 The reader can disable Java in MATLAB R12 
by starting MATLAB with the -nojvm option. The easiest way to do this is 
to change the target in the shortcut properties to: 





SMATLAB\bin\matlab.exe -nojvm 


‘Testing of the present example has, however. shown that the disabled Java still 
does not allow one to solve the MoM equation with the complex impedance 
matrix of 4512 x 4512 in size. 

This and other examples indicate that the realistic maximum size of the 
impedance matrix is 4000 x 4000. This estimate is for a computer with a 
Pentium IV 1.7GHz processor and 1 Gbyte RAM (Windows ME), 

Indeed, when an iterative solver is implemented instead of the direct solu- 
tion, the maximum matrix size can be increased. Matlab has a wide range of 
iterative solvers including conjugate gradient and GMRES methods. The itera- 
live solvers, however, work poorly for complex structures like the meta! 


*~ Reference (rom Mr. Kevin Shea. the MathWorks Helpdesk. 
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Figure 6.20. 3D and 2D patterns of the array at 150 MHz2. The array gain is 20.2dB. 
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arrays and metal meshes. The interested reader could test the performance of 
these solvers by replacing the corresponding line in the script rwg4.m of this 
chapter. 


6.18. CONCLUSIONS 


In this chapter we mostly concentrated on the linear arrays of dipoles. 
While only broadside and end-fire arrays were considered, investigation of cir- 
cular arrays and the arrays of monopoles can be done in exactly the same way. 
In the case of a monopole phased (end-fire) array, the script rwg4.m would 
be slightly changed to account for the same phase shift of two feeding RWG 
elements. 

The present algorithm allows for arbitrarily spaced arrays, not neces- 
sary linear or planar. In that case the Matlab array Feed, which describes the 
positions of the feeding edges, should be modified properly. In particular, 
the log-periodic array can be created using a straightforward modificatton 
of the script multilinear .m. By changing the mesh for the array element, 
we can create an array of loops, bowties, and the like. For an array with passive 
elements, like the Yagi-Uda array, some of the antenna feeds should be 
disabled. 

One more important loop that was omitted in this chapter is the frequency 
loop. Chapter 7 will introduce the frequency loop, but mainly for certain single 
antenna configurations. The interested reader could change the code sequence 
of Chapter 7 to make it applicable to arrays. To do so, the array Feed should 
be included in the mesh files meshl .mand mesh2 .m of the next chapter. Also 
the array Index in script rwg3 .m of Chapter 7 should be defined as described 
in the script rwg4.m of the present chapter. 
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PROBLEMS 


6.1. 


6.2. 


6.3. 


6.4. 


6.5. 
6.6. 


6.7, 


Create and plot the antenna structure for the linear array of six 
half-wavelength dipoles (stripl.mat) at 75MHz with element 
spacing A/4. 


Create and plot the antenna structure for the circular array of six half- 
wavelength dipoles (stripl.mat) at 75 MHz equally spaced around 
the circumference of a circle with the radius R = 4m. 


Create and plot the antenna structure for the linear array of four 
quarter-wavelength monopoles at 75 MHz with element spacing A/S. 
The plate size is 2 by 2m. 


Calculate terminal impedances, 75, of the two-element linear array of 
half-wavelength dipoles (stripi.mat) at 75MHz with element 
spacing 4/4, The feed voltage, V'* = 1 V. Compare the impedance values 
with the input impedance of the single half-wavelength dipole antenna 
at the same frequency. 


Solve Problem 6.4 when the element spacing is equal to 104. 


Calculate terminal impedances, Z”, of the five-element linear array of 
half-wavelength dipoles (stripl.mat) at 75MHz with element 
spacing 4/4. The feed voltage, V' = 1 V, Compare the impedance values 
with the input impedance of the single half-wavelength dipole antenna 
at the same frequency. 


Calculate terminal impedances, Z", of the three-element linear array 
of half-wavelength dipoles (stripl.mat) at 75 MHz as a function of 
the variable element spacing, d. The element spacing varies as 
0.5:0.25:20 m. The feed voltage, V'* = 1 V. Plot impedance mag- 
nitude for (a) central dipole; and (b) one of the border dipoles. 


6.8. 


6.9, 


6.10.* 


6.11. 


6.12. 


6.13. 


6.14, 


6.15. 


6,16. 


PROBLEMS 149 


For a linear three-element array of half-wavelength dipoles 
(stripl.mat) at 75 MHz calculate total radiated power as a function 
of the variable element spacing, d. The element spacing varies as 
0.5:0.25:20 m. The feed voltage, V% = 1 V. 


Design a broadside linear array of four half-wavelength dipoles 
(stripl.mat) at 75MHz. Calculate the following parameters of 
interest: 

a. Total array impedance at a driving point 

b. Array gain 

c. Half-power beamwidth. 


Plot the array radiation pattern in the xy-plane and the radiation inten- 
sity distribution over a sphere surface with the radius 1000m. 


Solve Problem 6.9 when the number of dipoles is increased to 10. Use 
the structure spherel.mat instead of sphere.mat in the script 
efield2.m in order to plot the radiation intensity distribution over a 
sphere surface with the radius 1000 m. 


A linear end-fire array of two half-wavelength dipoles (strip1.mat) 
at 75 MHz has element spacing 4/4. Plot the radiation pattern in the xy- 
plane and the radiation intensity distribution over the sphere surface 
when the progressive phase shift is 6 = 0, —z/2, =m. 


Solve Problem 6.11 if the number of dipoles is increased to 7. What is 
the half-power beamwidth of the main lobe at 6 =—a/2” 


Give the array factor, A(w), for the linear end-fire array of six 
half-wavelength dipoles at 75 MHz with the element spacing 4/4 and 
S=—n/2. Plot the azimuthal radiation pattern using the pattern multi- 
plication theorem. Compare this pattern with the corresponding 
result obtained numerically. 


For a linear end-fire array of five half-wavelength dipoles at 75 MHz 
with the element spacing 4/4 plot a set of radiation patterns when the 
progressive phase shift varies in the range 6 = [-7,0]. Use the script 
loop.m from the subdirectory loop2. Separately plot the radiation 
pattern corresponding to Hansen-Woodyard model. 


Design a linear end-fire array of seven half-wayelength dipoles with the 
maximum radiation in the end-fire direction @= 0°. Calculate the array 
gain, total radiated power, and the power distribution for different 
array elements. 


Design a linear end-fire array of seven half-wavelength dipoles with 
the maximum radiation in the direction @ = 145°. Calculate the array 
eain, total radiated power, and the power distribution for different array 
elements. 


150 ANTENNA ARRAYS: THE PARAMETER SWEEP 






































CE =; Active monopole 
SESS Ses Ses 
ck = 





Figure 6.21. Active monopole (center) surrounded by three parasitic elements. 


6.17.* For a quarter-wavelength base-driven monopole in the middle of a 2 
by 2m ground plane shown in Fig. 6.21 obtain the radiation intensity 
distribution over a sphere surface with the radius 1000m. Compare this 
result with the intensity distribution of the single monopole, when three 
parasitic elements are removed. 
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7.1. INTRODUCTION 


In the preceding chapters the antenna analysis has been done at a single fre- 
quency. In order to obtain antenna parameters at another frequency, the fre- 
quency value should be changed in the script rwg3 .m and the entire sequence 
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rwg3.m; rwg4.m; rwg5m has to be repeated. Then the far-field results 
(scripts efieldl.m; efield2m; efield3.m) should be updated accordingly. 

This procedure is rather inconvenient since the most important parameters 
of any antenna, both narrowband and broadband, are its characteristics in the 
frequency domain. Input impedance, radiated power, directivity patterns, and 
gain should be calculated, as a rule, within a given frequency bandwidth. In 
this chapter we discuss the organization of the frequency loop and apply the 
frequency analysis to the simple antenna types, including the dipole antenna 
(narrowband), the bowtie antenna (broadband), and the spiral antenna 
(broadband). 

In many applications an antenna must operate effectively over a wide 
range of frequencies. An antenna with wide bandwidth is referred to as a 
broadband antenna. The term “broadband” is a relative measure of bandwidth 
and varies with the circumstances. Here we provide a brief definition of 
bandwidth (see also [1, p. 63]). The bandwidth is computed in one of two 
ways. Let fy and f, be the upper and lower frequencies of operation for 
which satisfactory performance is obtained. The center (or sometimes the 
design frequency) is denoted by fc. Then bandwidth as a percent of the center 
frequency is 


fezh e100% (7.1) 


C 

This definition holds for narrowband antennas only, such as the dipole or a 
loop. For example, a 5% bandwidth indicates that the frequency difference of 
acceptable operation is 5% of the center frequency of the bandwidth. For 
broadband antennas the bandwidth is defined as a ratio by 


fu: fi (7.2) 


For example, a 10:1 bandwidth indicates that the upper frequency is 10 times 
greater than the lower. 

We will see that the resonant antennas like dipoles have small band- 
widths. For example, the half-wavelength dipoles have typical bandwidth 
from 8 to 16% [2, p. 260]. On the other hand, antennas that have traveling 
waves on them rather than standing waves (as in resonant antennas) operate 
over a significantly wider frequency range. The definition of a broadband 
antenna is somewhat arbitrary, but we will adopt the following working defi- 
nition [2, p. 261]: If the impedance and the principal radiation pattern of an 
antenna do not change significantly over an octave (fef, = 2) or more, we will 
classify the antenna as a broadband antenna. For ultra-wideband antennas 
capable of transmitting voltage pulses, the bandwidth of fy/f;, > 10 is usually 
required. 

The subject of broadband antennas is well covered in the literature (see [1. 
chs. 9-11] and [2, ch. 6]). Most conventional broadband antennas include the 
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helical antenna introduced in Chapter 5, the biconical/bowtie antenna, the 
spiral antenna, the horn antenna, and the log-periodic antenna. 

The so-called ultra-wideband (UWB) antennas should not only keep nearly 
the same impedance and radiation pattern but also have a small phase varia- 
tion of the transmitted signal over the bandwidth. Otherwise, the pulse form 
would be distorted because of dispersion of different harmonics. Because of 
their dispersive characteristics conventional wideband antennas, such as log- 
periodic arrays, spiral antennas, and ridged horn type antennas perform poorly 
as high-fidelity antennas for UWB impulse waveforms [3]. 

Examples of ultra-wideband communication antennas include loaded 
dipoles [4-6], (loaded) bowties, conical antennas [7-12], and vee configurations 
[13]. We will study loaded dipoles further in Chapter 9. The bowtie antenna 
will be considered in the present chapter. A magnetic slot UWB antenna for 
pulse transmission will be considered in Chapter 8, which includes the corre- 
sponding time-domain analysis. 


7.2. CODE SEQUENCE 


The code sequence of the preceding chapters had two parts. The first part 
rwgl.m - rwg5.m creates RWG elements (scripts rwgl.m, xrwg2.m), 
performs MoM calculations (scripts rwg3m, xwg4.m) and visualizes surface 
currents on the antenna surface (rwg5.m). The second part efieldi.m - 
efield3.m found antenna far-field parameters including 3D gain, total radi- 
ated power, and directivity patterns. 

We can conveniently organize these codes into a frequency loop by com- 
bining the frequency dependent MoM codes into a single script rwg3 . m. This 
script now has a loop versus frequency. The bandwidth, sampling rate, and the 
number of sampling frequencies are specified in that script and can be chosen 
arbitrarily. The script outputs a binary file current .mat that contains the 
antenna impedance and surface current distribution for every frequency. 
Another file containing the identical frequency loop is the script eñeldz .m. 
This script outputs the total radiated power and the antenna gain over a 
surface of a large sphere (sphere.mat) as functions of frequency. H a highly 
directional antenna is considered, the sphere structure soherel .mat can be 
used, with 8000 triangular elements. The script outputs a binary file gain- 
power .mat that contains the power and gain data for every frequency. 

The sequence of operations implies that we run scripts rwgl.m and 
rwg2.m for a given antenna geometry only once. The loop parameters are 
then specified in the script rwg3 .m. This script and the script efield2.m are 
executed sequentially (Fig. 7.1). 

Frequency-dependent quantities such as antenna impedance, total radiated 
power (at 1 V feed voltage), and antenna gain are plotted using the script 
sweeplot.m. Before reading this chapter, you may want to run this script: it 
wil] output the precalculated data for the dipole. The rest of the code (Fig. 7.1) 
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Creates RWG edge elements 


Computes impedance matrix 
and solves MoM equations. 
Outputs Impedance and current 
distribution 


Computes gain and 
radiated power over 3D sphere 


Plots antenna characteristics 


Determines and visualizes 
surface currents at a single 
frequency 


Computes radiation 
intensity over sphere 
surface at a single frequency 


Computes directivity 
pattern(s) at a single frequency 


Figure 7.1. Flowchart of the antenna radiation algorithm with the frequency loop. Scripts con- 


taining frequency loop are grayed. 


is used for the visualization of selected antenna characteristics (surface current 
distribution, radiation intensity distribution, and directivity patterns) at a 
single frequency. The desired frequency within the bandwidth should be 
specified at the beginning of each code. Note that this frequency is not neces- 


ANTENNA STRUCTURES UNDER STUDY 155 


sarily exactly equal to the grid frequency: the nearest frequency of the grid ts 
used to create the output. 

If necessary, the scripts rwg3.m and efield2.m, containing frequency 
loops, can be converted to executable files, using Matlab compiler, as described 
in Chapter 2. 


7.3. ANTENNA STRUCTURES UNDER STUDY 


Four antenna structures will be investigated in this chapter: dipole, bowtie, 
spiral, and a fractal antenna. We will see that the dipole itself is not a broad- 
band but a narrowband antenna. Two “classic “ members of the class of 
broadband antennas include the bowtie and the spiral antennas. The fractal 
antenna (Sierpinski gasket) is also not a broadband but rather a miulti-band 
antenna. 

The antenna meshes are generated by relatively short Matlab scripts 
bowtie.m, spiralplane.m, and fractal .min the subdirectory mesh of 
the root directory Mat lab. Before performing any calculations, you may want 
to run these scripts. The scripts allow for a wide range of antenna parameters. 
The script bowtie.mcan further be modified to create other shapes of planar 
antennas. The script spiralplane.m is straightforwardly extended to 
conical spirals. 

Three antenna structures are shown in Fig. 7.2. The first one shown im Fig. 
7.24 is the conventional dipole strip2.mat (244 triangles; 1:100 geometry 
ratio; 2m total length) discussed in Chapter 4. The dipole plane is the xy-plane. 
The second structure shown in Fig. 7.26 is the bowtie antenna (336 triangles, 
œ= 90° flare angle, 0.2m total height). The bowtie plane is the xy-plane. The 
structure is created using the script bowtie.m in the subdirectory mesh. The 
operation of this script utilizes Delaunay triangulation (Matlab function 
delaunay) as will be discussed in Section 7.7. 

The next antenna structure is a plane Archimedean spiral shown in Fig. 7.2c 
(see also [1, pp. 545-550] and [2, pp. 281-287}). The structure has 300 triangles 
and is 0.2 x 0.2m in size. It is created using the script spiralplane.min the 
subdirectory mesh. The operation of this script utilizes a deformation of the 
already pregenerated strip mesh (the script strip.m in subdirectory mesh), 
and it will be discussed in some detail in Section 7.11. The Archimedean spiral 
follows the dependence 


r=m+b¢ (7.3) 


in terms of polar coordinates r,ø in the xy-plane. Archimedean spirals accrue 
in constant steps and require radiation conductors of constant thickness. They 
have been regarded as a simpler solution to replace the logarithmic spiral 
(2, p. 285]. Scripts strip.mand spiralplane .m allows us to vary the spiral 
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Figure 7.2. Three antenna geometries under study. The feeding edge is always at the origin. 


step, number of turns, discretization accuracy, and the width of the corre- 
sponding strip. 

The Sierpinski fractal bowtie antenna [14.15] is shown in Fig. 7.3 for the 
first four stages of growth. The parameters used in the script fractal.mare 
S=1,2,3,4 and SM = 7. Here S is stage of fractal growth and $M is stage of 
mesh growth. We construct this fractal by an operation that excises an inverted 
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Figure 7.3. Fractal bowties with the flare angle 90° generated using fractal.m. (a-d) corre- 
spond to stages of growth which are S$ = 1, 2, 3, 4. 


initial triangle scaled by one half (the generator). The result is shown in Fig. 
7.3a. Application of the generator for the first time leaves three smaller filled 
triangles, to which we may apply the scaled copy of the generator again. The 
corresponding result is shown in Fig. 7.35. We iterate this process one more 
step to obtain Fig. 7.3c, and so on. 

Note that the key MoM script rwg3.m always identifies the feeding edge 
of the antenna as the one closest to the origin. Therefore all antenna struc- 
tures must have the center of the feeding edge close to the origin. The script 
rwg3 .m should be modified if other antenna geometries are considered. 
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7.4. DIPOLE IMPEDANCE AND POWER RESONANCE 


To obtain frequency characteristics of the dipole, we specify the mesh file name 
as strip2.mat at the top of script rwg1.m. Then scripts rwgi om, rwg2.m 
are executed. Frequency loop parameters are specified in script rwg3 . m. For 
the present dipole, with the total length of 2m, we choose 


fr, =25MHz, fe =S5S00MHAz (7.4) 


and NumberOfSteps=200 in order to highlight a few first resonances. Here 
NumberOfSteps is the number of sampling points over the bandwidth. Then 
the script rwg3.m is executed. The final result is observed using the script 
sweeplot.m and is shown in Fig. 7.4. Run this script to see the already pre- 
calculated results. 

Note that calculations for 200 sampling points may be rather lengthy. 
For the dipole with 244 triangles, about 9min CPU running time is necessary 
to run script rwg3.m with 200 frequency steps (on a Pentium IV processor 
with 1.7GHz clock speed). Therefore it makes sense to convert the script 
rwg3.m to a function of frequency and use Matlab compiler as was done in 
Chapter 2, 

From Fig. 7.4 we see that the input impedance of the dipole is subject to 
large oscillations, both real and imaginary parts, when frequency of the feed 
voltage increases. The input impedance of the center-fed dipole is purely resis- 
tive for certain lengths, called resonant lengths. The bar in Fig. 7.4a and b 
denotes the position of the half-wavelength dipole (close to the lowest reso- 
nance). The resonant lengths occur at approximately (see Section 4.5 of 
Chapter 4). 


td 
CAL 


The dipole may operate at one of the lowest resonances, within the bandwidth 
of & to 16% ([2], p. 260). 

To answer the question why the resonant frequencies are so popular in elec- 
trical communications, we begin by analyzing the radiated (output) power of 
the dipole antenna. The radiated power has a maximum when the antenna 
impedance is purely real. Thus the dipole antenna fed by an ideal voltage 
source becomes the most efficient radiator at the resonant f requencies. The 
next section provides the quantitative results for radiated power. 

The slope of the impedance curves in Fig. 7.4 is changed when one changes 
the dipole thickness (or the width of an equivalent strip; see Chapter 4). 
The general rule is a decrease of the peak impedance magnitudes with an 
increase of thickness. Thus thicker dipoles have a more smooth impedance 
curve and are in that sense more “broadband.” Thick cylindrical dipoles are 
studied in Ref. [1. ch. 9]. Note that a comprehensive study of different dipole 
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Figure 7.4. Dipole input impedance as a function of frequency (ratio total length/wavelength). 
A 2m long and 0.02 m wide strip is considered. The bar indicates the half-wavelength dipole. 
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configurations was given by King [16]. However, only thin dipoles are con- 
sidered in that reference. 


7.5. DIPOLE RADIATED POWER, RETURN LOSS, AND GAIN 


To obtain the total radiated power and gain as a function of frequency, the 
script efield2 .m should be executed after the script rwg3 .m. That script has 
the same frequency loop, which involves the calculation of radiation intensity 
distribution and radiated power over a large sphere with 500 triangles 
(sphere.mat). The script efield2.m is faster than rwg3.m. 

The result is observed using the script sweeplot.m and is shown in 
Fig, 7.5a. We see that the radiated power has strong peaks that correspond to 
the resonant frequencies discussed above. The dipole reactance crosses zero 
(becomes negligibly small) exactly at the resonant frequencies. However, the 
power peaks may be slightly shifted due to finite dipole thickness and a non- 
sinusoidal current distribution along the dipole. For example, Chapter 4 pre- 
dicts the total radiated power of 4.5 mW for the half-wavelength dipole. Figure 
7.5a shows that there exists a more favorable frequency, slightly lower than 
the half-wavelength frequency of 75 MHz. At that lower frequency, the dipole 
will radiate as much as 7mW., 

An ideal voltage generator can be assumed in the feed by a simple power 
consideration. Usually this voltage generator occurs in series with a resistance 
(500). Therefore the more practical “resonant” parameter is the return loss 
RL of the antenna. The return loss is found based on the reflection coefficient, 
T, in the antenna feed versus the 50 Q transmission line, namely 


La -500 
ae (7.5) 

Za +509 
where Z, is the antenna input impedance. The discussion of the reflection coef- 
ficient will be continued in the next chapter. The return loss is simply the mag- 
nitude of the reflection coefficient in dB, i.e. 


The return loss can be taken with negative sign as well. The return loss is the 
most important parameter with respect to the load matching. It characterizes 
the antenna’s ability to radiate the power instead of reflecting it back to the 
generator. The antenna’s bandwidth is often defined as the band over which 
the return loss is sufficiently small (below —10 dB). 

To find the return loss, we only need the antenna’s impedance. The 
corresponding calculation is done in the script sweeplot.m. The result is 
Shown in Fig. 7.55. The antenna’s resonances are seen as deep notches on 
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Figure 7.5. Dipole radiated power, return loss, and gain as a function of frequency (ratio total 
length*wavelength}. The bar indicates the half-wavelength dipole. 
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the plot. Interestingly the resonances in Fig. 7.5a and b are practically 
identical. 

The slope of the power curve and the RL curve in Fig. 7.5a and b become 
smoother when one increases the dipole thickness (or the width of an equiv- 
alent strip; see Chapter 4). The general rule is a decrease of the power peaks 
with an increase of thickness. 

Finally, Fig 7.5c shows the dipole gain as a function of frequency. There is 
no correlation between the gain and the antenna’s input impedance or 
radiated power. At the same time the slope of the gain curve is in a very good 
agreement with the corresponding analytical result of Ref. [1, p. 158] even 
though that result was obtained for an infinitesimally thin dipole. In par- 
ticular, the gain magnitude of the first maximum differs by 0.25dB only. At 
high frequencies the discretization accuracy of the structure sphere. mat is 
not enough to correctly predict the gain values. Instead, sohere1 .mat should 
be used. 

In conclusion, the conventional dipole should be treated as a typical 
resonant antenna. It has strongly oscillating input impedance and gain iu 
the frequency band 1/3 < 2h/A < 3 and cannot be treated as a broadband 
antenna. 


7.6. DIPOLE COMPARISON WITH NEC MODELING 


For the purpose of comparison, we present here simulation results for an 
equivalent dipole, obtained using a NEC wire solver. SuperNEC software of 
Poynting Software Pty Ltd. [17] is employed to model a 2m long wire dipole 
with an equivalent radius of 0.005m. The wire is divided into 19 and 39 seg- 
ments. Option “thin wire kernel” is used. 

Figure 7.6 shows the real part of the input impedance (input resistance) 
compared to the NEC solver. The NEC data are denoted by stars. At low fre- 
quencies, smaller than or equal to the half-wavelength frequency, the results 
come in close proximity to each other. When the frequency increases, the dif- 
ference becomes more apparent. 

This difference is clearly reduced by increasing the number of segments in 
the wire model as shown in Figs. 7.65 and 7.75. The problem is, however, that 
the number of segments in the NEC model is limited by the condition that 
requires a segment of a length-to-radius ratio greater than about 10 [18]. If we 
use a wire with 79 segments, instead of 19 or 39 segments, the results will be 
more accurate at high frequencies. This is shown in the last column of 
Table 7.1. Simultaneously, the results will become more inaccurate (!) at low 
frequencies (second column of Table 7.1). 

The dilemma of segment count can be solved in NEC by taking two dif- 
ferent wire models: one with a small number of segments at low frequencies 
and another, with a large number of segments at high frequencies. Such an 
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Figure 7.6. Input resistance of the dipole as a function of frequency. Stars denote the NEC 
results for 19- and 39-segment wires. The bar indicates the half-wavelength dipole. 


experiment is rather inconvenient though. Note that the strip model is free of 
these restrictions. Indeed, at very high frequencies, when the strip width 


becomes a relatively large fraction of wavelength, the difference between the 
cylinder model and the strip model would be of a physical nature. 
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Figure 7.7. Input reactance of the dipole as a function of frequency. Stars denote the 
NEC results for 19- and 39-segment wire, respectively. Bar indicates the half-wavelength 
dipole. 
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Table 7.1. Input Impedance of Strip and Wire Models of the 2m Long Dipole 








Model Input Impedance, Q at Input Impedance, Q at 
75MHz 497,625 MHz 
Strip2 .mat—244 triangles | 87.647 « 47.3 82.3 — j x 135.6 
Wire with 19 segments 89.9 +j x 52.7 208.7 — j x 180.1 
Wire with 39 segments 92.2 + j x 50.2 140.1 — ; x 156.0 
Wire with 79 segments 97.1 +j x 137.9 118.1 — j x 148.5 





Note: The strip width is 0.02 m. The equivalent wire radius is 0.005 m. 


7.7. MATLAB MESH FOR BOWTIE ANTENNA USING DELAUNAY 


To obtain frequency characteristics of the bowtie antenna, we specify the mesh 
file name as bowtie at the top of the script rwg1 .m, Further the calculations 
are identical to these for the dipole. Before discussing them, we describe 
briefly the mesh generation script bowtie.m in the subdirectory mesh. This 
script does not use Matlab PDE toolbox. Instead, we use Delaunay triangu- 
lation (Matlab function delaunay) to create the antenna mesh. The first step 
is to create 2D node points on the bowtie boundary and in the inner domain. 
These points are saved in Matlab arrays X and y. The conventional array of 
Cartesian node coordinates, p(1:3,:),1s obtained by 


p=[X; Y; zeros(1,length(X))1]; 


Next we call delaunay to create the triangle array t (3, :), that is, to iden- 
tify nonintersecting triangles of the mesh as follows 








TRI = delaunay(X,¥); t=TRI'; 


Finally, we add the fourth row to the triangle array (the domain number 1 is 
detault) 


The antenna mesh, containing p and t, is thus defined. A problem with the 
bowtie structure is its nonconvex shape. Therefore the function delaunay 
creates some nonphysical triangles outside the antenna’s area. To eliminate 
these triangles, we define a polygon, Xpol, Ypol, whose shape is the antenna’s 
shape. Then array Center(1:3,:) of the triangle’s center points is created. 
The line 


IN = inpolygon(Center(1,:), Center(2,:}, Xpol,Ypol); 
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creates an array IN whose element has value 1 if the corresponding triangle 
{its center) is inside the polygon. Using array IN, the nonphysical triangles are 
removed from the mesh. Run script bowtie.m to see the corresponding oper- 
ation sequence displayed as a number of 2D plots. The present algorithm can 
be applied to create other planar antenna shapes. 


7.8. BOWTIE IMPEDANCE 


Scripts rwg1.m, rwg2.m are executed first. Since the bowtie length is 10 times 
smaller than the length of the dipole, the frequency band from 25MHz to 
5 GHz is chosen in the script rwg3 .m. After the script rwg3 .m is executed the 
script sweeplot.m outputs the data for the input impedance of the bowtic 
shown in Fig. 7.8 by a solid line. To obtain the radiated power and gain, we 
have to run efield2.min addition to rwg3 .m. 

The dashed line in Fig. 7.8 shows the impedance values corresponding to a 
dipole of the same length 20cm. To obtain these values, mesh strip2.mat 
was used, with the array p multiplied by 0.1. One can see that the impedance 
characteristics of the bowtie are considerably smoother than the dipole char- 
acteristics. Especially inviting is the behavior of the reactance, which has 
nearly constant negative value (capacitive reactance) in the band 1.5 to 5 GHz. 
To further proceed with the impedance analysis (calculation of return loss), 
we can use the script sweeplot.m. 

The impedance behavior of the bowtie is considerably affected by the 
value of the flare angle, œ. Problems at the end of the chapter give a few 
examples of the bowtie antenna behavior at different flare angles. The classic 
experimental paper on conical and bowtie antennas is that of Brown and 
Woodward, RCA Review, 1952. The use of RWG edge elements for the bowtie 
antenna analysis was discussed yet in Ref. 11 of Chapter 4. 


7.9, BOWTIE RADIATED POWER AND GAIN 


To obtain the total radiated power and gain as a function of frequency, the 
script efield2.m should be executed after script rwg3.m. This script saves 
radiated power (variable Total Power) and gain (variable GainLogarith- 
mic or GainLinear) in the bmary output file gainpower.mat that is 
used as an input to sweeplot.m. The result is observed using the script 
sweeplot.m, where these arrays are plotted versus frequency (array f), and 
is shown in Fig. 7.9. 

Only one power resonance can be identified for the present bowtie with 
a= 90°. This resonance occurs when the antenna length/wavelength ratio is 
slightly smaller than 1:3. The first resonance is very strongly developed and a 
high output power of about lamW is observed at the resonance. The bowtie 


167 


R AND GAIN 





BOWTIE RADIATED POW 





Length. 




















a 


seen 


3.6 
Frequency, GHz 


J 























500 
Q 


t 

pmi 
a 
? 


-1000 


i 


zəy G “ZU 


-4500 


5 


4,5 


4 


3 


2.5 


1.5 


-2000 


Figure 7.8. Bowtie input impedance (solid line} as a function of frequency (ratio of total length/ 


wavelength). The flare angle is 90°. The dashed curve gives the impedance of the dipole of the 


same length. 


168 BROADBAND ANTENNAS: THE FREQUENCY SWEEP 





0.016 att 





| a) | 


0.0147 °° 





Raciated power, W 
a 
a 
O 
[aa] 

















Gain, dB 














0 0.5 1 1.5 2 25 3 3.6 4 45 5 
Frequency, GHz 


Figure 7.9. Bowtie radiated power and gain as a function of frequency {ratio total length/ 
wavelength). The flare angle is 90°. 
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gain varies from approximately 2 to 5dB and is on the order of the dipole gain. 
When the frequency increases, the output power exhibits moderate oscillations 
and generally increases as well. 

Whereas for the dipole antenna the harmonic current is reflected back and 
forth from the dipole ends, for the bowtie antenna the current is distributed 
over a larger surface and eventually dissipates into the radiated field before it 
reaches the antenna’s end. The same situation happens for a thick cylindrical 
dipole or a sheet dipole. Therefore reflections from the antenna’s end are sig- 
nificantly reduced, which makes the bowtie antenna an essentially nonreso- 
nant structure, attractive for both broadband and UWB (see Chapter 8) 
applications. 


7.10. BOWTIE RADIATION INTENSITY DISTRIBUTION 


After the two frequency loops (rwg3 .m and efield2 .m) are complete, scripts 
rwg5single.m, efield2single.m, and efield3single.m display the 
antenna parameters at any frequency within the bandwidth. The desired fre- 
quency should be specified at the beginning of each code. Note that the desired 
frequency is not necessarily equal to the grid frequency: the nearest frequency 
of the grid is used to create the output. In this section we are interested in the 
radiation intensity distribution for the bowtie (script efield2single.m) and 
the corresponding directivity patterns (script efield3single.m). The output 
of efield2single.m (3D radiation patterns at several frequencies) is shown 
in Fig. 7.10. The sphere radius of 1000m is chosen. 

Figure 7.10 indicates that despite the better impedance behavior, the 
present bowtie antenna might have a diverse radiation intensity distribution 
through the band 1 to 4GHz. Note that the color bar in Fig. 7.10 extends from 
the maximum to minimum intensity magnitude. Therefore relative variations 
of the intensity may be not as high as they appear in Fig. 7.10. An additional 
test is necessary to quantitatively describe the intensity distribution. 

For this purpose we apply the script eheld3single.m, which outputs the 
directivity patterns in dB. The xz-plane is chosen for comparison. The output 
of the script is shown in Fig. 7.11 where we plot four directivity patterns 
corresponding to 1, 2,3, and 4GHz. The x-axis corresponds to the reference 
angle zero. 

It is seen in Fig. 7.11 that the results at 1 and 2GHz indicate a nearly omni- 
directional (strictly speaking, bidirectional; see [2]) radiation pattern, with 
relatively small directivity variations. Interestingly the direction of maximum 
radiation changes from the z-direction in Fig. 7.11a to the x-direction in Fig. 
7,115. The radiation patterns at lower frequencies are also omnidirectional and 
are quite similar to that shown in Fig. 7.11a. However, the results at 3 and 4 
GHz are hardly acceptable. This circumstance, combined with the impedance’s 
behavior, allows us to identify the bandwidth of the present antenna type as 
approximately 0.5 to 2 GHz. 
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Figure 7.10. Radiation intensity distribution of the bowtie antenna at four differant frequencies. 
The flare angle is 90°. 


Further work may be needed to increase the bandwidth. Some of the 
methods include resistive loading [7,8], dielectric coating [9,10], use of a cavity- 
backed bowtie [11]. and the use of a volume absorber [12]. One other possi- 
ble method is further optimization of the shape of the metal sheet bowtie 
antenna. This task may be accomplished numerically. 

Note that the bowtie geometry studied here is straightforwardly expanded 
to one of the simplest fractal antennas: the so-called Sierpinski fractal antenna 
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Figure 7.11. Radiation patterns of the bowtie antenna at four different frequencies in the 
xz-plane. 


or Sierpinski gasket [14,15]. Very basically, the Sierpinsli fractal is none other 
than a bowtie with a specially arranged hole structure. Fractal antennas are 
not broadband in the conventional sense but rather “multi-band.” These 
antennas are able to keep nearly the same performance at several (up to five) 
rclatively narrow bands [15]. At the end of the chapter we will consider an 
analysis of the fractal bowtie antenna. 
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7.11. MESH FOR A SPIRAL ANTENNA 


The mesh for a spiral antenna is created using two scripts: strip.m and 
spiralplane.min the subdirectory mesh. The first script only creates a thin 
plane strip. [n contrast to Chapter 4, the strip is created in the xz-plane. The 
script spiralplane.m imports the strip geometry from the binary file 
strip.mat and “bends” it to obtain an Archimedean spiral (see Section 7.3). 
Since the corresponding code sequence is very short, we present here the com- 
plete source code in the form: 


clear all 

load strip 

N=5; aNumber of turns 
Size=0.2:; Spiral size in m 
angle=abs(2*pi*N*p(1,:)); 


J=p(1,:}).*cos(angle); 
J=ep(1l,:).*sain(angle}; 
P(3,:})=p(3,:); 

p=Size*P; 


Ptl,: 
P(2,: 


save spiralplane p t; 
viewer (‘spiralplane') 


Variable Size defines the total size of the spiral in its plane. Running scripts 
strip.mand spiralplane.m in its present form leads to the spiral of five 
turns shown in Fig. 7.12a (or Fig. 7.2c). If we want to increase the number of 
turns, the maximum edge size of the mesh should be reduced. To do so, we run 
the script strip.m using finer discretization, say, Ny=300. This corresponds 
to 600 triangles in the mesh. Then the script spiralplane.mis executed with 
a larger number of turns, say, N=10. This leads to the spiral shown in Fig. 7.124. 
The script outputs the binary file spiralplane-mat used as an input to the 
main code sequence. The feeding edge is always located at the origin. The 
spiral meshes may have as large as 3000-3500 triangles (spirals with 50-75 
turns). These meshes can be deformed to form a conical spiral antenna (see 
[1, pp. 549-550]). 


7.12. SPIRAL ANTENNA’S IMPEDANCE, POWER, AND GAIN 


To obtain the frequency characteristics of the spiral antenna, we specify the 
mesh file name as spiralplane at the top of the script rwg1 .m. Then scripts 
rwgl.m, rwg2.m are executed. Since the spiral size is equal to the size of the 
bowtie antenna from the preceding sections. the frequency band in the script 
rwg3.m is chosen to be the same, from 25 MHz to 5GHz. After running the 
script rwg3 . m, script sweeplot .m outputs the data for the input impedance 
of the spiral antenna shown in Fig. 7.13. These data correspond to the spiral 
shown in Fig. 7.12a. 
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Figure 7.12. Two spiral antennas with (a) 5 turns and (b) 10 turns. The number of triangles is 
300 and 600, respectively. 


One can see in Fig. 7.13 that the input impedance becomes very flat 
when frequency exceeds approximately 0.5GHz. In that area the input resis- 
tance varies around 2000. This value is close to the theoretical prediction 
of 188.50 for equiangular (exponential) spirals (see [2. pp. 281-287] or [1, 
pp. 545-548]). The input reactance in Fig. 7.13) tends to a negative constant 
value of approximately —150Q when frequency increases above 0.5GHz. 
This observation is also in line with the corresponding data for equiangular 
slot spirals (see [1, p. 549]). Compared to the bowtie antenna with a flare 
angle of æ = 90°, the spiral antenna of the same size exhibits smaller variations 
of the input impedance in the frequency range f > 0.5GHz, or, which is 
the same, when the antenna size is greater than or equal to one-third the 
wavelength. 
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Figure 7.13, input impedance of the spiral antenna with five turns as a function of frequency 
(ratio of total length/wavelength}. The antenna size is 0.2m. 
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Figure 7.14. Enlarged input resistance (solid line} as a function of frequency (ratio of total 
length/wavelength). (a) 5-turn spiral antenna: (b) 10-turn spiral antenna. The antenna size is 
0.2m. 
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A better resolution of impedance behavior at high frequencies is shown in 
Fig. 7.144 with the data for the input resistance of the 5-iurn spiral antenna 
provided on a larger scale. In order to see how the number of turns affects 
impedance, corresponding data are presented in Fig. 7.145 for a 10-turn spiral 
antenna of the same size as was depicted in Fig. 7.125. The impedance behav- 
ior in Fig. 7.145 appears a little smoother except for extremely large oscilla- 
tions at low frequencies. The magnitude of the input resistance slightly 
increases with increasing the number of the turns. Similar results are observed 
for the input reactance. 

Figure 7.15 shows simulation results for the total radiated power and the 
antenna gain in the case of the 5- and 10-turn spiral antennas, respectively. The 
solid line indicates the solution for the 5-turn spiral antenna, and the dashed 
line corresponds to the 10-turn spiral. The power behavior of two antennas is 
quite similar, The 10-turn antenna has smaller power variations in the range 
0.5 to 5GHz. 

Spiral antennas are usually cavity backed with an absorber or with a ground 
plane [19-22]. They are intensively investigated right now due to their invit- 
ing characteristics such as broad bandwidth (up to 10:1), circular polarization, 
and a small physical size. To investigate the polarization properties in the far 
and near field of the antenna, the script efieldlsingle.mcan be used. 

In spiral antennas most radiation comes from the region of the structure 
where the circumference is about one wavelength, often called the active 
region. Thus, as frequency changes, different parts of the spiral antenna will 
support the majority of the current. This feature is responsible for broadband 
performance [2, p. 287]. An antenna with distinct active regions is usually very 
small and essentially appears as if it were infinite. The script rw5single.m 
allows us to visualize current distribution along the spiral at different fre- 
quencies. A study made for two present spirals showed, however, that the 
active region is usually not very well developed and sometimes cannot be 
identified properly. 


7.13. SPIRAL ANTENNAS RADIATION INTENSITY DISTRIBUTION 


Once two frequency loops (rwg3 . mand efield2 .m) for the spiral antenna are 
complete, we can again use scripts eheldz2single.mand efield3single.m 
to evaluate antenna parameters at any single frequency within the bandwidth. 
The output of the script efeld2single.m (3D radiation patterns) is shown 
in Fig. 7.16 at 1,2, 3, and 4GHz. The sphere radius is 1000 m. 

Compared with the 3D intensity patterns for the bowtie antenna of Fig. 
7.10, the spiral antenna has a considerably smoother radiation pattern evolu- 
tion when frequency increases. The pattern remains bidirectional in the entire 
frequency band from 0.5 GHz to 4GHz. To support this conclusion, we present 
in Fig. 7.17 three directivity patterns of the spiral antenna in the xz-plane. The 
x-axis corresponds to the reference angle zero. These patterns are obtained 
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Figure 7.15. Radiated power and gain as a function of frequency. Solid line: Spiral with 5 turns; 
dashed line: spiral with 10 turns. The antenna size is 0.2m. 


using the script efield3single.m. Itis seen in Fig. 7.17 thai the bidirectional 
pattern remains very stable when frequency increases. 

A cavity-backed spiral antenna or a spiral over a ground plane would create 
unidirectional radiation (single lobe). A gain up to 14dB is obtained for a 
spiral covered by a dielectric layer [22]. This value by far exceeds the gain 
found in Fig. 7.15. The unidirectional radiation pattern is also observed for a 
conical spiral antenna [1, pp. 549-550]. 
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Figure 7.16. Radiation intensity distribution of the spiral antenna with five turns at four differ- 
ent frequencies. The antenna size is 0.2m. 


The spiral antennas illustrate the principle that emphasis on angle-related 
geometry rather than on the length-related one (e.g., the dipole) will lead to 
broadband antennas. Another and very important type of broadband direc- 
tional antennas are log-periodic antennas and arrays (see [1, sec. 11.4] and [2, 
ch. 6]). Log-periodic antennas are ideologically similar to spiral antennas. 
However, it is more difficult to create their shapes using the corresponding 
Matlab scripts. An alternative is to employ the Matlab PDE toolbox discussed 
in previous chapters. 
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Figure 7.17. Radiation patterns of the spiral antenna with five turns at three different frequen- 
cies in the xz-plane. The antenna size is 0.2m. 


Script bowtie.m could. in principle, be extended to create toothed log- 
periodic antennas [1. figs. 11.6, 11.7]. As concerns the log-periodic array, 
Chapter 6 provides all necessary tools to create a log-periodic array of dipoles 
(the end-fire array with the phase shift of 180° and with logarithmically 
increasing spacing). 


7.14. MULTIBAND ANTENNAS: THE SIERPINSKI FRACTAL 


In order to create a bowtie shaped as a Sierpinski gasket (Pig. 7.3), we use the 
Matlab script fractal .m from the subdirectory mesh. That script was tested 
with the stages of fractal growth § = 1, 2,3, 4. First. half of the bowtie structure 
(the initiator triangle) is created. The algorithm of the script is based on apply- 
ing the generator to a number of filled triangles, at each refinement step. It uti- 
lizes the function divider that for an arbitrary triangle, outputs the central 
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subtriangle to be cut and three remaining subtriangles. As a result arrays 
CatPoiygonxk(1:3,:) andCatPolygony (1:3, :) are created that iden- 
tify multiple polygons (triangles) to be cut from the bowtie at each stage. The 
cutting procedure is similar to that described in Section 7.7. After the non- 
physical triangles are removed from the mesh, the mesh is cloned in order to 
create the symmetrical bowtie. An intermediate operation includes removal of 
doubled vertexes from the mesh when cloning intercepting structures. 

A principal point for the RWG analysis is that the mesh patches at the 
vertexes of the subtriangles should be kept in the mesh as shown in Figs. 7.3 
and 7.18. Otherwise, the current would not be able to flow through the junc- 
tions at the boundary and the completely incorrect results would be obtained. 
This situation is addressed using a special loop in the script fractal.m. 

The algorithm of the script fractal .m is very sensitive to the mesh size. 
Therefore only certain mesh sizes are allowed. They are referred to at the 
beginning of the script. We will investigate here one fractal antenna, with the 
flare angle of 90 degrees and $ = 2, shown in Fig. 7.18. This structure has 857 
RWG edge elements. The finer structures shown in Fig. 7.3 require large CPU 
processor run times and will not be considered in the present chapter. The 
interested reader could try these structures if the number of sampling points 
in the frequency domain is relatively small (20-50), 
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Figure 7.18. Fractal antenna with stage of growth S = 2 and flare angle 90°. 
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7.15. SIERPINSKI FRACTAL’S IMPEDANCE, POWER, AND GAIN 


To obtain the frequency characteristics of the fractal antenna, we specify the 
mesh file name as fractal at the top of the script rwg1.m. Then scripts 
rwg1.m, rwg2.m are executed. The antenna size is approximately equal to 
the size of the bowtie antenna in Sections 7.8 to 7.10. The width is the same 
(0.2m), whereas the height is somewhat smaller (0.18m). The difference in the 
height is due to the different treatment of the bowtie neck. It can easily be 
corrected if necessary. The frequency band in the script rwg3 .m is chosen to 
cover the range from 0.025 to 8GHz, totaling 100 sampling points. After 
running rwg3.m, the script sweeplot.m outputs the data for the input 
impedance of the fractal antenna shown in Fig. 7.19. 

In Fig. 7.19 we compare the input impedance of the fractal antenna (solid 
line) with input impedance of the bowtie antenna (dashed line). The imped- 
ance behavior of the fractal antenna indicates a typical resonant structure. The 
input resistance has large peaks, whereas the input reactance has multiple 
nulls. 

In our analysis of impedances, the multi-band behavior of the fractal 
antenna is not yet specified, We are interested in the resonances that are char- 
acterized by the zero input reactance and the maximum power radiated by the 
antenna. Furthermore, if the input resistance at these resonances will be well 
matched to the 50Q load, the multi-band behavior will be established. 

The radiated power of the fractal antenna (solid line) and of the equivalent 
bowtie (dashed line) are shown in Fig. 7.20a. At low frequencies (below 
0.5GHz) both power dependencies are nearly the same. We can see that 
the fractal antenna has three resonances. The number of resonances is thus 
the number of fractal stages (S = 2) plus one. The first resonance is that of the 
pure bowtie! and corresponds to fi = 0.39 GHz. This resonance occurs whether 
or not the fractal structure is present. The second resonance at fa = 1.48 GHz 
corresponds to the first fractal iteration, and the third resonance at fj = 
3.35 GHz corresponds to the second fractal iteration. The frequency ratios 


£2379, B-226,... (7.7) 


f J 





asymptotically tend to 2 when the number of fractal stages increases as 
predicted by theory [15]. The resonant bands are thus log-periodically spaced, 
by a factor of 2, which is exactly the scale factor that related triangle size at 
each stage of growth. 

To investigate the resonances more properly, we check the input reflec- 
tion coefficient, T, of the transmitting antenna given by Eq. (7.5) (script 


' In [15] such a resonance is associated with the first fractal ileralion. Calculations done for the 
antenna from Rel [15] indicate that this result is rather the resonance of the original monopole 
bowtie antenna. 
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Figure 7.19. Fractal antenna input impedance (solid line) as a function of frequency (ratio of 
total fength/wavelength). Impedance of the equivalent bowtie (dashed line). 
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Figure 7.20. (a) Radiated power, (b) input reflection coefficient of the fractal and bowtie anten- 
nas. Solid curve: Fractal antenna; dashed curve: equivalent bowtie. 
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sweeplot .m). Figure 7.20b shows the magnitude of the reflection coefficient 
to logarithmic scale versus frequency. We see that the power resonances are 
directly associated with the minima of the reflection coefficient, which enables 
us to design a well-matched antenna at these frequencies. 

The corresponding resonance bands are the multi-bands of the fractal 
antenna. The relative bandwidth at each band typically reaches 7 to 20% [15]. 
We note that calculations and experiments of Ref. [15] predict different reflec- 
tion coefficients for two first resonances in a similar situation. They are on the 
order of —10dB (first resonance) and —14dB (second resonance). 

The reason for the different return loss may be a slightly different antenna 
configuration (the monopole fractal bowtie in [15] has the flare angle of 60°) 
and the insufficient accuracy of the mesh shown in Fig. 7.18. Nevertheless, 
a general tendency (reflection coefficient decreases with frequency up to the 
third resonance) remains exactly the same. Furthermore we obtain a very 
similar value of the third reflection coefficient. 

Finally in this section Fig. 7.21a shows the surface current distribution 
on the fractal antenna surface at 1.48GHz (second resonance). The self- 
similarity of the current distribution [15] can be observed. Figure 7.210 gives 
two 3D radiation patterns at the second and third resonant frequencies, 
respectively. Compared to the bowtie radiation patterns in Fig, 7.10, the fractal 
antenna clearly produces a directional beam of a higher gain at the resonant 
frequencies. 

Notice that the dipole investigated at the beginning of this chapter is also 
a resonant system. A reasonable question is therefore why not use the simple 
dipole instead of the fractal antenna for the multi-band purposes. The inves- 
tigations done in [15] for an equivalent fractal system (the so-called Koch 
antenna) showed that the fractal antenna improves the bandwidth of each 
band, the radiation resistance, and the reactance relative to those of a linear 
monopole (dipole). Equivalently the size of the dipole antenna can be reduced 
by fractally shaping its linear profile [15]. 


7.16. CONCLUSIONS 


In this chapter we gave four examples of antenna parameter evaluation in 
the frequency domain, for the dipole, bowtie, spiral, and fractal antenna. The 
major quantities of interest are the input impedance, radiated power, and gain. 
The code sequence remains exactly the same for any antenna type; only the 
input structure’s file name has to be changed. Radiation patterns and the 
surface current distribution at any single frequency within the bandwidth can 
be examined using the corresponding Matlab scripts with the extension 
“single.” 

None of the models of the present chapter require the use of the Matlab 
PDE toolbox. Instead, we employ either 2D Delaunay triangulation (Matlab 
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Figure 7.21. (a} Surface current distribution at the second resonance; (b) 3D radiation patterns 
at the second and third resonances of the fractal antenna. 


function delaunay) to create the antenna mesh (bowtie antenna) or a custom 
Matlab script (spiral antenna or fractal antenna). This approach will be 
explored in the following chapters. By a straightforward modification of the 
script rwg3.m, the algorithm of the present chapter can be extended to 
antenna arrays. 
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PROBLEMS 


7.1. For a 2m long dipole strip2.mat determine the input impedance 
behavior as a function of frequency in the range 5 to 150 MHz. The 
sampling interval is 5 MHz. Additionally plot: 

a. Surface current distribution at 150 MHz 
b. 3D radiation pattern at 150 MHz 
c. Directivity pattern in the elevation plane at 150 MHz. 


7.2. For a2m long dipole strip2.mat determine the input impedance 
behavior as a function of frequency in the range 0.5 to 1GHz. The 
sampling interval is 10 MHz. Additionally plot: 

a. Surface current distribution at 0.5GHz 
b. 3D radiation pattern at 0.5 GHz 
e Directivity pattern in the elevation plane at 0.5 GHz. 


7.3.* The specified standard for the bandwidth is often variation of the 
ratio (1 + IDAL — ITI) associated with VSWR (voltage standing wave 
ratio) at the antenna input terminals. In this case let the specified stan- 
dard be 


VSWR <2 
Design a dipole antenna that: 


a. Has the center frequency of 1GHz 
b. Has the bandwidth of 5%. 
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7.4.* 


7.5. 


7.6. 


TT. 
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Repeat task of Problem 7.3 if the center frequency changes to 2 GHz 
and the bandwidth changes to 10%. 


Create a structure for the bowtie antenna of total length 20cm, with a 
flare angle of 60° and a feeding edge length of 1cm. Determine the 
input impedance behavior as a function of frequency in the range 
25 MHz to 4 GHz. The sampling interval is 25 MHz. Plot: 

a. Surface current distribution at 1 GHz 

b. 3D radiation pattern at 1 GHz. 


Create a structure for a bowtie antenna of total length 20cm, with a 
flare angle of 120 ° and a feeding edge length of 1cm. Determine the 
input impedance behavior as a function of frequency in the range 
25 MHz to 4GHz. The sampling interval is 25 MHz. Plot: 

a. Surface current distribution at 1 GHz 

b. 3D radiation pattern at 1 GHz. 


Create a structure for the bowtie antenna described in Problem 7.5, Save 
the script bowtie.m,as bowt ie1.m,and modify that script in order to 
create a V-shaped bowtie antenna shown in Fig. 7.22. Use viewer 
bowtie to visualize the structure. Determine the input impedance 
behavior as a function of frequency in the range 25 MHz to 4 GHz. The 
sampling interval is 25 MHz. Plot the radiation intensity distributions at 
1, 2, 3, and 4GHz. Compare your results with those of Fig, 7.10. 




















Figure 7.22. V-shaped bowtie antenna. 
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7.9.* 
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7.11. 


7.13.* 
7.14. 
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The specified standard for a bandwidth is 


1+1] 
1-|F| 





VSWR = <2 


where I is the antenna’s reflection coefficient. Design a bowtie antenna 
that: 

a. Has a center frequency of 3 GHz 

b. Has the bandwidth of 3:1. 


Repeat the task of Problem 7.8 if the center frequency changes to 
5 GHz and the bandwidth changes to 6:1. 


Create a structure for the spiral antenna with N = 2 turns of total size 
(diameter) 20cm. The strip width is 4mm. Determine the input imped- 
ance behavior as a function of frequency in the range 25 MHz to 5 GHz. 
The sampling interval is 25 MHz. Plot: 

a. Surface current distribution at 2GHz 

b. 3D radiation pattern at 2GHz 

c Directivity pattern in the xz-plane at 2GHz. 


Create a structure for the spiral antenna with N = 5 turns of total size 
(diameter) 2cm. The strip width is 2mm. Determine the input imped- 
ance behavior as a function of frequency in the range 0.25 to 50GHz. 
The sampling interval is 0.25 GHz. Plot: 

a. Surface current distribution at 20GHz 

b. 3D radiation pattern at 20GHz 


c. Directivity pattern in the xz-plane at 20GHz. 


.* Create a structure for the spiral antenna shown in Fig, 7.12. Save script 


spiralplane.m as spiralplanei.m and modify that script in 
order to obtain the conical spiral antenna shown in Fig. 7.23. Deter- 
mine the input impedance behavior as a function of frequency in the 
range 25 MHz to 5 GHz. The sampling interval is 25 MHz. Plot the radi- 
ation intensity distributions at 1,2, 3, and 4GHz. Compare your results 
with those of Fig. 7,16. 


Hint: Use the line 

o(3,:)=p(3,:)40.1* (p(1,:).°%24p(2,:).°2) / (Size/2)*2; 
for the structure transformation. 

Repeat Problem 7.12 for a 10-turn spiral antenna. 


For the fractal bowtie shown in Fig. 7.18, determine the input imped- 
ance, surface current distribution, and radiation intensity distribution 
at three first resonant frequencies. 
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Figure 7.24. Fractal antenna with stage of growth S = 3. 
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Create a fractal bowtie shown in Fig. 7.24 (the same as in Fig. 7.18 but 
the stage of fractal growth is 3). Assuming a frequency band from 0.025 
to 8GHz totaling 100 sampling points, determine the behavior of the 
radiated power and the input reflection coefficient m frequency 
domain. Compare your results with those obtained in Section 7.15 for 
the previous fractal iteration. 


Consider a dipole of 20cm total length. Assuming a frequency band 
from 0.025 to 8 GHz totaling 100 sampling points, determine the behav- 
ior of the radiated power and the input reflection coefficient in fre- 
quency domain. Obtain 3D radiation patterns at three resonant 
frequencies. Compare your results with those obtained in Section 7.15 
for the fractal antenna. 
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8.1. INTRODUCTION 


This chapter gives a complete simulation of an ultra-wideband pulse slot 
antenna designed by Time Domain, Co. [1]. The antenna hardware setup is 
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shown in Fig. 8.1. Before reading this chapter you may want to run script 
rwg34.m to see one of the final results for UWB pulse transmission. 

Impulse radiating antennas are members of a class of antennas that are 
designed for the radiation of ultra-wideband (UWB) electromagnetic pulses, 
and not for signals at fixed frequencies. For example, small-scale ground pen- 
etrating radars (GPR) are designed to operate over a wide frequency range, 
typically from a few MHz up to 3GHz and higher [2,3]. Ultra-wideband 
sources and antennas are of interest for a variety of potential applications that 
range from transient radar systems [2-4] to communication systems (impulse 
radio [5,6]) and medical diagnostics [7,8]. The antenna shown in Fig. 8.1 is par- 
ticularly intended for wireless communication links [1,5,6]. 

For pulse antennas two approaches are currently used to simulate the radi- 
ation parameters. One is the time domain method, where all the simulations 





Figure 8.1. Transmitting and receiving slot antennas (copper). Feed cables (partially not seen) 
are attached to the middle of the slot, as close as possible to the slots boundary. 
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are done with time-dependent electric and magnetic fields. The finite- 
difference time-domain (FDTD) numerical algorithm is the most suitable tool 
for this purpose [2,8-12]. Another approach is the frequency domain method. 
In this method we calculate antenna performance for every single harmonic 
wave, within the anticipated pulse bandwidth. The result for a pulse is then 
obtained using the inverse Fourier transform. The MoM method is ideally 
suited for the frequency domain analysis [13]. 

To pursue calculations in the frequency domain; a frequency sweep should 
be made. similar to that discussed in Chapter 7; that is, the antenna parame- 
ters should be calculated at a number of frequency samples. We may expect 
this number to be high if we want good accuracy. At each sample frequency 
we should know the MoM impedance matrix, surface current distribution, and 
the input impedance of the antenna. Therefore the moment method becomes 
both time and space consuming. If only one pulse form is studied, the time 
domain method will be more suitable and superior to the frequency domain 
analysis. 

At the same time, if we have many different pulses, the computational 
expenses could nearly be the same. To jump from one pulse form to another 
the frequency domain method requires simple spectrum multiplication. The 
time domain method, however, needs the entire simulation process to be 
repeated. The more different pulse shapes we have, the more advantageous 
the frequency domain method becomes. 

Another important advantage ts that the frequency domain method is a 
straightforward application of the MoM frequency sweep code developed in 
Chapter 7. The frequency loop of Chapter 7 is extended to calculate the pulse 
transmission, that is, to derive the antenna-to-antenna transfer function. The 
transfer function allows us to predict the received voltage pulse, which is the 
most important parameter of UWB transmission. 


8.2. CODE SEQUENCE 


The code sequence of this chapter includes three scripts with frequency loops 
shown in Fig. 8.2. The script rwg31.m is identical to script rwg3 .m of the pre- 
vious chapter. The bandwidth, sampling rate, and the number of sampling fre- 
quencies are specified in that script and can be chosen arbitrarily. The script 
outputs binary file current .mat that contains the antenna impedance and 
surface current distribution data for every frequency. The second file contain- 
ing the same frequency loop is the script rwg32.m. This script outputs the 
radiated electric field (complex vector) at a point as a function of frequency 
into the binary file radiatedfield.mat. Using this information, we dertve 
an antenna-to-free-space transfer function in frequency domain. The notation 
rwg32.m is questionable since that script is in fact an extension of the script 
efield1l.m to the frequency loop. Nevertheless, we keep this notation to 
emphasize the intermediate character of the corresponding transfer function. 
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Figure 8.2. Flowchart for the time domain analysis. Scripts containing the frequency loop are 
grayed, 











Next, the script rwg33.m solves the scattering problem for a second 
antenna at every frequency, assuming that the incident field is that due to the 
first antenna. The antennas may or may not be identical. In that script we cal- 
culate the resulting surface current distribution and, using the already known 
antenna input impedance, determine the received voltage in the feed. The 
ratio of the received voltage to the input voltage (1 V at the feed point of the 
transmitting antenna) constitutes the antenna-to-antenna transfer function 
over the desired frequency band. The transfer function can be modified by 
introducing an appropriate antenna termination circuit (see below). Once the 
antenna-to-antenna transfer function is established, the received voltage pulse 
can be calculated for an arbitrary voltage pulse in the feed of the transmitting 
antenna, using spectrum multiplication and inverse Fourier transform (script 
rwg34.m). 

The present algorithm is not optimal in the sense that the impedance matrix 
is calculated twice, in the scripts rwg31.m and rwg33.m. This operation is 
necessary if we have two distinct antennas but becomes meaningless if a pair 
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of identical antennas is considered. We present here the most general version 
of the algorithm assuming that the receiving UWB antenna may be different 
from the base station antenna. For the pair of identical antennas, the scripts 
rwg31.m, rwg32.m,and rwg33.m can be combined into a single script, with 
only one impedance matrix at a given frequency. The rest of the codes of this 
chapter (with extension single) are those of Chapter 7. 


8.3. INCIDENT VOLTAGE PULSE 


A number of “test” pulse forms exist in the RF communication literature. The 
most popular is the Gaussian monopulse and its modifications [6]. A funda- 
mental characteristic of a monopulse is that it must have zero dc content to 
allow it to radiate effectively. In other words, the pulse must have equal pos- 
itive and negative phases so that the total integral over the pulse duration 
becomes zero. The time domain representation of the typical differentiated 
Gaussian (originally Rayleigh) monopulse, p(t, 0), is [6] 


pt. =e" (8.1) 
Oo 


The corresponding frequency spectrum, P(t, €) can be written in the form 


(see [6]) 

PIF, o) = In Qao fle Orth? (8.2) 
The temporal pulse waveform and its spectrum are shown in Fig. 8.3a and b, 
respectively. In Fig. 8.3 we present results in terms of normalized time, ¢/o, and 
normalized frequency, fo. The parameter o is known as a characteristic time 
of the pulse. 


From Fig. 8.3 we can obtain the following parameters of the pulse: 


1. Effective pulse duration (pulse length) [6] (this interval contains 99.99% 
of the total pulse energy) 


2. Center frequency,’ 


f= (8.3a) 


' The center frequency corresponds to the peak of the pulse spectrum (Fig, 8.35). 
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Figure 8.3. Gaussian pulse (a) and the magnitude of its spectrum {b} in terms of dimension- 
less variables: normalized time, t/g, and normalized frequency, fo. 


3. Half-power lower frequency, 








f =— =— (8.3b) 


4. Half-power higher frequency, 


p = 027 _ 1.89 r3 
JH o Tp (8. c) 
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5. Half-power (3dB) bandwidth [6] 


(8.3d) 


For example, take a typical ultra-wideband monopulse of 1 ns duration {1}, 
that is, T = 70 = 107s. This gives, according to Eqs. (8.3), 


1.19 
0.63 89 2 
f= - 0.63GHz, fp = = =1.89 GHz, B= n =1.26 GHz (8.4) 


8.4. SURFACE DISCRETIZATION AND FEED MODEL 


The length of the antenna shown in Fig. 8.1 is approximately 6”. The structure 
is created using Matlab PDE toolbox. It has 550 triangles and 767 edge ele- 
ments. The slot shape is described by an empirical formula [1] 


cos(/z)(1 — cos(/z)) 
4 





(8.5) 


where / the length along the slot. To model the antenna shown in Fig. 8.1 using 
the Matlab PDE toolbox, we first create a rectangular plate. Two raw slotlike 
polygons are then drawn inside the rectangle (left and right slots) using 
polygon tool. They follow Eq. (8.5). To precisely adjust slot dimensions, 
we open the corresponding m-tfile in the Matlab editor and change the vertex 
coordinates. To export the mesh to the main work space, we select the Export 
Mesh option from the Mesh menu. 

After the mesh is initialized, the array of triangles, £, provides, in its fourth 
column, the domain number. In the present example all triangles of the plate 
except the slots belong to domain 1; triangles within the left slot belong to 
domain 2, and triangles within the right slot belong to domain 3. To “cut” those 
two slots, all triangles having a domain number other than 1 should be omitted. 
The result is demonstrated in Fig. 8.4a. The structure has 550 triangles and 767 
edge elements. The corresponding mesh file antenna0l . mis saved in the sub- 
directory mesh. 

The enlarged feed area is shown in Fig. 8.46 and c. The feeding edge is indi- 
cated by a black bar. This is again the inner edge closest to the origin. For the 
slot antenna, the size of the feed edge is rather a free parameter due to the 
specific geometry of the slot. We therefore consider two different feed models 
shown in Fig. 8.4b and c. In Fig. 8.46 the feed cdge has a length of 1mm, 
whereas in Fig. 8.4c the edge length is 4mm. We will see later that the antenna 
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Figure 8.4. (a} Surface mesh created using PDE toolbox; (b, c) two tested feed geometries. 


parameters are almost unaffected by the size of the feeding edge. Alterna- 
tively, the mesh for the slot antenna may be created using the Matlab function 
delaunay (see Chapter 7 for examples). 


8.5. FREQUENCY LOOP 


Scripts rwg1.m and rwg2.m are directly adopted from Chapter 7. They are 
not affected by the frequency loop and should be run only once. For the feed 
model in Fig. 8.46, we use antennaOl.mat as an input to rwgl.m. For the 
feed model in Fig. 8.4c, the file antenna02.mat should be used. 

In the present example, we calculate the frequency response over the band 
from 12.5 MHz to 6.25 GHz with a sampling interval of 12.5 MHz. The number 
of sampling frequency points ts 500. Such a large frequency spectrum is mostly 
chosen for the demonstration purposes. The reason is that possibly large time 
domain can be covered that contains both the radiated and received (delayed) 
signal. Running the script rwg31.m at these conditions requires 2.5 hours. 
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A moderate (about 15%) increase in speed may be obtained using the Matlab 
compiler, To do so, the line function {[]=rwg31; should be added at 
the beginning of the script. Then the file 1s compiled using the command 
mec -m rwg31.m and executed as a stand-alone DOS application. 

Sampling in the frequency domain is not equivalent to sampling in the time 
domain, which is discussed in many textbooks devoted to signals and systems 
[14,15]. In general, we should answer two questions: (1) how large the sam- 
pling interval in the frequency domain should be, and (2) what frequency band 
should be covered. The corresponding discussion is pursued in Sections 8.12 
and 8.13. Already precalculated results for the frequency loop are saved in the 
Matlab directory of Chapter 8. 


8.6. SURFACE CURRENT DISTRIBUTION 


Figure 8.5 shows the surface current distribution on the antenna surface at dif- 
ferent frequencies. The gray scale extends from the minimum to the maximum 
current magnitude in each case. The feed model antennaO1.mat (Fig. 8.45) 
is used. 

In general, the surface current is concentrated close to the slot border and 
has the highest values at the antenna feed. This is seen in Fig. 8.5a at a rela- 
tively low frequency of 500MHz as well as in Fig. 8.5c at a higher frequency 
of 2GHz. Figure 8.55 (1 GHz) is an extension to the rule. The feed current 
appears to be very small and the antenna itself starts to “shine.” We will see 
later that the present antenna type has a peak of the input impedance at 
approximately 1 GHz. 

The surface current distribution in Fig. 8.5 is obtained using the script 
rwg5single.m which operates at every single frequency. The frequency 
(within the bandwidth) is specified at the beginning of the script. It is some- 
times more convenient to plot the square root of the normalized current 
magnitude because the square root is more sensitive to low current densities. 
Actually Fig. 8.5 uses this type of scaling instead of the linear scale. 


8.7. ANTENNA INPUT IMPEDANCE 


The input antenna impedance is calculated in the script rwg31-.m and is 
plotted using sweeplot.m. Figure 8.6 shows the impedance behavior as a 
function of frequency for two different models of the antenna feed. 

In both cases the impedance peak is seen at approximately 1 GHz. Other- 
wise, the input impedance is predominantly real and has a relatively small 
variation within the bandwidth 1-5 GHz. It follows from Fig. 8.6 that two 
different feed models have nearly the same values of the input impedance in 
the entire frequency domain. Thus we may conclude that the input impedance 
of the slot antenna is weakly sensitive to the width of the feeding edge. 
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Figure §.5. Surface current distribution (normalized magnitude) on the antenna surface: (a) 


500 MHz; (b) 1 GHz; (c) 2GHz. The color bar extends from the minimum to the maximum mag- 
nitude in each case. 
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Figure 8.6, Input impedance as a function of frequency for two different feed models. Solid and 
dashed lines show the input resistance. The input reactance is shown by stars and circles. 


Therefore only one feed model will be considered in the following, that is, 
antennaOl.mat. 

Compared to the broadband models considered in Chapter 7, the imped- 
ance behavior is superior to that of the bowtie antenna and comparable to the 
impedance variations of the spiral antenna. In practice, the input impedance 
of the slot antenna is affected by two attachment screws and other construc- 
tion details. 
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The script rwq31.m simultaneously calculates the total power delivered to 
the antenna in the feed (radiated by an ideal antenna) using Eq. (4.16) of 
Chapter 4, that 1s, 


Pass = RE(Za Nl =ZROIVE) (8.6) 


where / 1s the total current through the feeding edge, Z, is the antenna input 
impedance, and V, is the feed voltage (1 V). For the transmitting antenna, Va 
= 1V. The impedance array Impedance and the power array FeedPower 
are filled at every frequency within the bandwidth. The power reaches its 
first maximum (resonance) of 9mW at approximately 1.9GHz. However, this 
maximum is weakly developed. 


8.8. ANTENNA RADIATION INTENSITY, GAIN 


For the far field, the script efileld2single.m calculates the 3D radiation 
pattern at a single frequency within the bandwicth. Figure 8.7 shows the radi- 
ation intensity distribution at four frequencies: 500 MHz, 1 GHz, 2 GHz, and 
4GHz. The gray scale extends from minimum to maximum radiation intensity 
in each case. The antenna behaves like an omnidirectional (strictly speaking. 
bidirectional) radiator at frequencies below 4GHz, where the maximum radi- 
ation intensity occurs in the axial direction (in the direction of the z-axis). 
However, at higher frequencies the direction of maximum radiation intensity 
may change. 

The radiation patterns in Fig. 8.7 resemble those of the spiral antenna with 
the equivalent orientation in space (Fig. 7.16 of Chapter 7). We should, 
however, remember that the physical size of the slot antenna is nearly two 
times smaller. Therefore the frequency band for the purposes of comparison 
should be either extended to higher frequencies for the slot antenna or 
reduced to lower frequencies for the spiral antenna. In that sense the equiv- 
alent spiral antenna potentially has considerably smoother radiation patterns 
than the slot antenna of the present chapter. Furthermore, whereas the spiral 
antenna produces a nearly circular polarization, the slot antenna of this 
chapter is linearly polarized (its polarization is equivalent to that of the dipole 
perpendicular to the slot) in the direction of the main beam. 

The polarization vector at a point can be calculated using the script 
efieldlsingle.m. It should be noted that the present algorithm does not 
compute gain variations versus frequency. Instead, the algorithm of Chapter 
7 can be used. For the present antenna, the logarithmic gain between 4 and 
7 dB is observed in the frequency range SOMHz to 6.25 GHz for both models 
of the antenna feed. The antenna gain is not needed for the transfer function, 
but it is important for the Friis transmission formula. 


a 
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Figure 8.7. Radiation intensity distribution over the sphere surface with the radius of 100m at 
four different frequencies. 


8.9. DIRECTIVITY PATTERNS 


As in Chapter 7 the script eficld3single.m calculates the directivity pat- 
terns at a single frequency. The planar slot antenna is located in the xy-plane 
(see Fig. 8.4), with the slot direction being the x-direction and the axial direc- 
tion being the z-direction. Therefore the most interesting for us are the xz- 
plane (the H-plane for the slot antenna} and the yz-plane (the £-plane). 
Figure 8.8 shows the radiation patterns at three different frequencies 
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Figure 8.8. Directivity patterns of the radiated antenna field. The reference angle 90° corre- 
sponds to the z-axis. 
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(500 MHz, 1 GHz, and 2GHz). As long as the frequency does not exceed 4 
GHz, the gain in these planes coincides with the 3D maximum antenna gain. 

The antenna directivity in the xz-plane shows large variations when fre- 
quency exceeds 2 GHz. The half-power beamwidth decreases from nearly 85° 
at 0.5GHz to 60° at 2GHz. In the yz-plane, the half-power beamwidth is kept 
nearly the same (about 85°) when frequency does not exceed 2 GHz. There- 
fore the present antenna cannot be considered as omnidirectional. 

It is worth noting that the directivity pattern of the slot antenna in the yz- 
plane in Fig. 8.8) is essentially equivalent to the dipole radiation pattern in 
the yz-piane (Fig. 4.11a of Chapter 4). However, the dipole is oriented along 
the y-axis, whereas the slot axis is the x-axis. 

The null radiation intensity appears on the y-axis for reason of symmetry. 
The condition of zero radiation in the y-direction holds for the symmetric slot 
antenna of an arbitrary shape. 

When the frequency exceeds 4 GHz the directivity patterns show large vari- 
ations. The main beam in the axial direction is destroyed. This was already 
seen in Fig. 8.7d. 


8.10. ANTENNA-TO-FREE-SPACE TRANSFER FUNCTION 


The antenna transfer function can be defined at a point as the radiated elec- 
tric field at that point at different frequencies, under the assumption that the 
input voltage is kept at 1 V. To calculate the transfer function, the frequency 
loop is introduced into the script efieldl.m as shown in Section 8.2. The 
resulting script is the script rwg32.m, and we should run it after rwg31.m. 
By default, the script outputs the electric field vector E(1:3,1:Number0f- 
Steps) (both real and imaginary parts) at a number of sample frequencies 
into the binary file radiatedfield.mat. 

Figure 8.9 shows the script output in the frequency range 12.5MHz 
to 6.25 GHz. Included is the magnitude of the electric field as a function of 
frequency at the distance of 1m from the antenna in the axial direction (the 
z-direction). The dominant y-component of the field, F,, is shown. E, is also 
observed, and it can be on the order of several percent of E, at high 
frequencies. £, is negligibly small in the entire frequency range. 

Note in Fig. 8.9@ that the present antenna acts like a band-pass filter with 
the center frequency of approximately 2GHz. The phase in Fig. 8.95 was 
plotted using the Matlab command 


plot (f, unwrap (angle (E(2,:)))) 


which returns the phase in radians, with an effort made to keep it continuous 
over the 7-borders. It is aiso worth noting that the transfer function gives no 
indication of a minimum at 1GHz (see Fig. 8.6), where the input antenna 
impedance becomes infinite. The reason is that we actually calculate the 
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Figure 8.9. Radiated electric field (x- and y-components) as a function of frequency at a dis- 
tance of 1m in the axial direction from the transmitting antenna: (a) Magnitude; {b) phase of 
the y-component, 
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transfer function from the ideal voltage source in the antenna feed to a free 
space. If a fixed-impedance transmitter were introduced, then the result would 
change (see Section 8.12). 

The antenna-to-free-space transfer function can be used to find the radi- 
ated pulse at an arbitrary spatial point. The method developed in Sections 8.12 
and 8.13 can be applied for this purpose, without considerable modifications. 
The only difference is that the transfer function T(#) in Eqs. (8.9) and (8.13), 
should be defined based on the array E(2,:) from the file radiated- 
field.mat instead of the array CutputVoltage from the file received- 
field.mat. Both arrays have the same dimensions. The radiated pulse form 
in space is, however, auxiliary and not as important as the temporal pulse form 
received by the second antenna (Section 8.13). 

We do not calculate the radiated pulse forms in this section since the cor- 
responding analysis is very similar to the analysis performed in Sections 8.12 
to 8.14 below for the receiving antenna. This task is addressed in a few prob- 
lems at the end of the chapter. 

A very important characteristic of the radiated pulse is its similarity in 
shape in different radiation directions, To quantitatively measure how similar 
the radiated electric field is in different directions, a “fidelity” parameter can 
be defined. The pulse fidelity is the maximum cross-correlation of the nor- 
malized radiated pulse p and a sample pulse. Mathematically [10] 











7 — — 
Fidelity = max.( | PO Panpel tod / \ Í pòd | DPèmpedt (8.7) 


08 


The fidelity value 1 means that two pulses are identical in shape. The value 
-1 means that the test pulse is an inverted replica of the sample pulse. 


8.11. ANTENNA-TO-ANTENNA TRANSFER FUNCTION 


After the radiated electric field at 1m is found, we may place a second 
(identical or not) antenna at that point. The second antenna is the receiving 
antenna. In order to find the received voltage, the second antenna should be 
treated as a scatterer and the corresponding scattering problem should be 
solved. The script rwg33.m, which calculates antenna scattering, is a direct 
modification of the scripts rwg3.m and rwg4.m from Chapter 2. The two 
major changes include the frequency loop and the calculation of the received 
voltage. The incident field E at each frequency is obtained from the input file 
radiatedfield.mat. The wave vector (vector kv in script rwg33 -m) 1s 
directed along the line connecting the antenna centers. In this chapter we 
investigate the case of two identical antennas. 

Let us assume that the feeding edge has the number Index (e.g., Index 
=26 for the slot antenna). The total current through the edge is obtained as 
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the product of the surface current and the edge length. The received voltage 
is the product of that current and the antenna impedance that is already cal- 
culated and saved in binary file current .mat. Thus the received voltage is 
obtained in the form 


FeedCurReceived <=1(index) *EdgeLength (Index) ; 
FeedVolReceived =FeedCurReceived* Impedance (FF); 
OutputVoltage (FF) =FeedVolReceived; 


where index FF corresponds to the discrete frequency domain. The output of 
the script is the array OutputVoltage(1:F) which contains the received 
voltage (complex number) at the discrete frequency points. 

Furthermore the script rwg33.m outputs the total received power. The 
power can be calculated using two different methods: the direct method given 
by Eq. (4.23) of Chapter 4 (assuming the conjugate-matched load); and the 
Friis transmission formula given by Eq. (4.18) of Chapter 4, respectively. In 
Fig. 8.10 these two quantities are shown by solid and dashed lines, respectively. 
The coupled system transmitting-receiving antenna again acts very much like 
a band-pass filter with the center frequency al 2GHz. Note that in order to 
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Figure 8.10. Total power received by the second antenna as a function of frequency (power 
spectrum of the antenna-to-antenna transfer function}. (1) Direct power calculation, Eq. (4.23), 
(2) Friis transmission formula. . 
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calculate the power using the Friis formula, we need to know the antenna gain 
as a function of frequency. The corresponding calculations were performed 
using the code of Chapter 7. 

The agreement between two power curves in Fig. 8.9 is quite satisfactory 
except for the frequency domain above 4GHz. In this domain the direction 
of maximum radiation is moved out of the antenna axis, and Eq. (4.18) of 
Chapter 4 predicts inadequate (too high) values of the power. 

A note of caution should therefore be made with regard to the Friis trans- 
mission formula at high frequencies. If the direction of maximum radiation 
does not coincide with the direction to the receiving antenna, the gain in the 
direction to the receiving antenna should be substituted into Eq. (4.18) of 
Chapter 4 instead of the maximum antenna gain. Since the gain changes 
rapidly at high frequencics, accurate gain tracking may be difficult. The radi- 
ation intensity distribution, similar to that shown in Fig. 8.7, must be evalu- 
ated at cach discrete frequency. 

Once the output voltage of the second antenna is known as a function of 
frequency, we are able to predict the received voltage pulse for an arbitrary 
input voltage. This is the major point of the frequency domain analysis. The 
following sections explain how to obtain the received voltage using the dis- 
crete Fourier transform. The received voltage will be calculated in the script 
rwg34.m. 


8.12. DISCRETE FOURIER TRANSFORM 


As specitied in Section 8.5, the discrete frequency domain covers the frequency 
band 12.5MHz - 6.25GHz with a sampling interval of 12.5 MHz. The fre- 
quency points are 


flaj= Afar n=l... F; Af=12.5x10°; F=S00 (8.8) 


The antenna-to-antenna transfer function {array OutputVoltage) is evalu- 
ated at these frequency points and is denoted here by 7(#). To apply the dis- 
crete Fourier transform (DFT), the transfer function must be defined at the 
corresponding negative frequencies as well, Le. at 7#=—-F,...,-1. There is no 
need to perform additional calculations. The transfer function value at a neg- 
ative frequency, f(—#), is the complex conjugate of the corresponding valuc at 
the positive frequency, f(a). 

‘The next step is to convert the frequency sequence [rom —F to F to the 
sequence from 0 to 2F, that is the convenient practice for the DFT [16, p. 153). 
This is done using the formula 


Tinh=T*(N+l—“), n=F4tl....,N. N=2F (8.9) 


The Matlab code 
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for n=F+1:N 
OutputVoltage(n)=conj (OutputVoltage (N+l-n}); 
end 


in the script rwg34.m performs the same operation and is equivalent to Eq. 
(8.9). The transfer function is now defined at the discrete frequency points 1 
=1,...,N. Since we do not have ade component, neither in the pulse spec- 
trum nor in the transfer function, the value at z = 0 is always equal to zero 
and can be ignored. 

The DFT of a voltage pulse p(r) can be written in the following form 
[14-16]: 





N-I yee 
P(n)= > plijess{ 1 a) (8.10) 


k=0 


Here P(#) are N values of the frequency spectrum of a pulse at frequencies 
fn) p(k) are N values of the time domain pulse form sampled at times t — Tk. 
The discrete Fourier transform implies that the sampling time interval, T, 
equals 


I 1 
T =— z- all 
AfN 2 max(f(n)) (8.11) 
Substitution of the corresponding values from Eq. (8.8) shows that T = 0.08 
ns if the upper frequency is 6.25 GHz. 
The inverse DFT is given by [14-16] 





. 14 
Dik} = W 5 P(n)exp 
N 


u=] 


í ee 


(8.12) 
The standard DFT (Matlab functions fft and if ft) employs N time samples 
and N frequency samples. Sometimes, the number of time samples is not equal 
to the number of frequency samples [14,16]. The script rwg34.m allows 
varying the number of time samples and the size of the time window in order 
to simuitaneously observe the transmitted pulse and a time-delayed received 
pulse. Note that for a pulse with zero de content, the summation in Eqs. (8.10) 
and (8.12) can be done from | to N instead of 0 to N — 1. The script rwg34.m 
uses directly the DFT method described by Eqs. (8.10) and (8.12). 





8.13. RECEIVED VOLTAGE PULSE 


With the help of the previous section, the temporal form of the received 
voltage pulse, p(t), is obtained using the spectrum multiplication and the 
inverse DFT 
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Prlk)= 53 Pr(wexp+j2akn/N); Pe(n) = P(n)T(n) (8.13) 


st) 

Here P(n) is the frequency spectrum of the transmitted pulse given by Eq. 
(8.10); 7(#) is the antenna-to-antenna transfer function from Eq. (8.9). The 
spectrum multiplication is performed in the script rwg34.m. Finally, Eqs. 
(8.12) and (8.13) output two temporal pulse forms: one of the original trans- 
mitted pulse and another of the received pulse. Figure 8.11 shows the script 
output for three Gaussian pulses (Section 8.3) of different durations. 

The pulse durations are 2,1, and 0.25ns. The solid line is the voltage pulse 
across the feed of the first antenna; the dotted line is the received voltage 
across the feed of the second antenna. The second (receiving) antenna is 
placed 1m apart from the first antenna (Fig. 8.10). 

If the input pulse duration is 2ns, then the received pulse is totally distorted 
(Fig. 8.11a). The reason for such a distortion is the large discrepancy between 
the pulse center frequency and the pass band of the antenna-to-antenna filter 
shown in Fig. 8.10. According to Eq. (8.4), the pulse center frequency in that 
case is 0.6 GHz and is considerably below the pass band of the band-pass filter 
in Fig. 8.10. A similar situation occurs when the center frequency is too high 
(beyond the pass band), meaning that the pulse length is too short. Figure 8.11¢ 
gives the results for the pulse of 0.25ns duration with the center frequency at 
4.8GHz. The received pulse appeared longer in duration than expected, 
having relatively small power. 

The best transmission results are obtained when the pulse center frequency 
and the center frequency of the antenna-to-antenna transfer function are close 
to each other. Figure 8.116 shows the received voltage pulse if the transmit- 
ted pulse has the duration of ins (center frequency is 1.2 GHz). The received 
pulse has nearly the same duration and the highest peak voltage compared to 
other cases. Similar results are obtained for the pulse of 0.5 ns duration (center 
frequency is 2.4GHz). It is interesting that the received pulse at 1ns resem- 
bles the second derivative of the initial pulse. The shape of the second deriv- 
ative is shown in Fig. 8.11h within a box. The present results are still an 
idealized approach in the sense that we do not take into account the coupling 
of the transmitting and receiving antennas to a load. This question is addressed 
in the next section. 

Note that the results for the 0.25ns long pulse may not be very accurate 
when the maximum sampling frequency is 6.25GHz. A better approach is to 
double this value. 


8.14. IMPEDANCE MISMATCH 


A more realistic model of the transmitting antenna is shown in Fig. 8.12a. The 
antenna, represented by an equivalent input impedance Za, 1s connected to a 
generator with the characteristic impedance Ze. The incident voltage pulse is 
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Figure 8.11. Transmitted {solid line) and received (dotted line} voltage pulses in the antenna 
feed. (a) Pulse duration is 2ns: (b) 1ns; {c) 0.25ns. 
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Figure 8.12. (a) Model of the transmitting antenna; (b) model of the receiving antenna. 


sent by a pulse generator to the antenna through the transmission line of the 
same impedance Zy = Ze. Since there is usually a mismatch between Z, and 
Zo part of the pulse will be reflected back toward the generator. 

Assuming an infinitely long transmission line. we obtain the reflection coef- 
ficient, T, of a harmonic wave of frequency œin the form (see [17, pp. 398-399] 
or [18, p. 502]) 


p*(@) =T(w)p* (a) (8.14) 


5 
= 
we 
Il 
z 


where superscripts + denote the incident and reflected wave, respectively. The 
transmission line typically has the frequency-independent real impedance of 
Zr = 500. The antenna impedance is certainly different from that value (see 
Fig. 8.6). Therefore a reflection takes place across the antenna feed. The total 
voltage across the feed is the sum of the transmitted and reflected signals: 


p(@) = p*(w)+ p(w) = pa p* (a) (8.15) 





The quantity in square brackets is the transmission coefficient of the antenna. 
We assume that the incident voltage, p°(@), has the form of the Gaussian 
monopulse (8.1). In order to account for the distortion of the incident pulse 
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at the antenna feed, the transmission coefficient (8.15) should be inserted into 
Eq. (8.13). 

Another addition implies the receiving circuit shown schematically in 
Fig. 8.125. A convenient way to model the receiving antenna is using an ideal 
voltage source of strength V, in series with the impedance Z, (Thévenin 
equivalent) [19]. In our case, V4 is the voltage across the feed of the receiving 
antenna calculated in Section 8.11; Z, is the input antenna impedance calcu- 
lated in Section 8.7. The receiving antenna is also connected to an infinite 
transmission line, whose impedance, Zy, is equal to the load impedance, Z,. 
According to the voltage division principle, the voltage delivered to the trans- 
mission line (to the load) is equal to 


=). lo) (8.16) 


To summarize these two contributions, a factor 


[ 22.4 Zr | po 
> |= 8.1 








where Z7 = 50.Q, should be inserted into Eq. (8.13). Thus the corrected version 
of Eq. (8.13) takes the form 


22, (NZ, 


Palk)= Z5 Prlnjexp } Px (12) F . P(T) (8.18) 


n=l 


(t j2akn 
N 


Za (n) + Zr 
or, in terms of the corresponding Matlab code, 


SPECTRUM=OutputVoltage.*FDIRECT.*. .. 
(2* Impedance. / (Impedance+50)}.*(50./ (Impedancet50)}); 





Equation (8.18) assumes that a Gaussian pulse, p(t), from a pulse generator is 
sent to the transmitting antenna through a 50Q transmission line. In turn the 
received pulse, p(t), is now the voltage across the load connected to the 
antenna through the infinite transmission line with the characteristic imped- 
ance of 500. These assumptions would closely correspond to a real commu- 
nication system if we could afford ideal impedance matching between various 
system components. 


8.15. VOLTAGE PULSE AT A LOAD 


The script rwg34.m also calculates the received pulse, pa(t}, assuming the 
50Q transmission lines tor the receiving and transmitting antennas. The 
more realistic model of Eq. (8.18) is used, Figure 8.13 shows the script output 
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Figure 8.13. Transmitted (solid line) pulse at the generator and received (dotted line) voltage 
pulse at the load. (a) Pulse curation is 2ns: (b} 1 ns: (c) 0.25ns. 
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for three Gaussian pulses with durations 2, 1, and 0.25ns (509 matching 
impedance), 

The sohd line is the transmitted voltage pulse at the generator, whereas the 
dotted line indicates the received voltage across the load. Both voltages are 
plotted using the same scale. The second receiving antenna is again placed 1 
m apart from the first antenna (Fig. 8.10). 

It is useful to compare Figs. $.11 and 8.13 in order to see the differences 
produced by the impedance mismatch between the antenna and the trans- 
mission line. For a 2ns long pulse, the received pulse in Fig. 8.13 is almost 
zero, Whereas Fig. 8.11a predicts a reasonably high received voltage. Thus the 
received voltage is expected to be smaller than in the ideal case. 

Fortunately, in the most important case of the Ins long pulse, the imped- 
ance mismatch has almost no effect on the received voltage. If we compare 
Fig. 8.116 and Fig. 8.130, the only difference we find is a slight change in the 
shape of the received pulse. The received pulse is no longer the second deriv- 
ative of the incident voltage depicted in a box in Fig. 8.13. At higher pulse 
durations (Figs. 8.11c and 8.13c), the impedance mismatch leads to a drop in 
the pulse magnitude but does not change the pulse form considerably. 

The present investigation shows that the slot antenna introduced in this 
chapter is well suited for the transmission of 1 ns long pulses. For shorter, and 
especially longer, pulses its performance is rather unsatisfactory, The further 
optimization of the antenna geometry seems to be possible and desirable. Also 
the antenna performance at different elevation angles should be investigated 
to complete the study. 

The mode! of the infinitely long transmission line does not take into account 
the multiple reflection of the pulse in the transmitting circuit. As a result 
of these reflections. a delayed pulse replica can be radiated one or more 
times. This replica, if not properly damped, may destroy results shown in 
Fig. 8.13. 


8.16. CONCLUSIONS 


The time domain analysis by the MoM method presented in this chapter 
requires rather lengthy calculations. However, it can be done routinely, using 
the well-established MoM solver in the frequency domain. The problems at 
the end of the chapter extend the method to other broadband antenna types. 
That is to say, the reader can check the performance of the spiral antenna and 
the bowtie antenna for pulse transmission. 

Another possible time domain analysis consists in formulating the original 
integral equations not in the frequency domain but in the time domain [20]. 
In this method we do not even need to solve the matrix equations because the 
solution can be obtained using a time domain propagator (the so-called march- 
ing-on-in-time method) [20]. The method, however, suffers from instabilities 
and requires some special computational tools [21]. 
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PROBLEMS 


8.1. 


8.2. 


8.3. 


8.4, 


8.5. 


8.6. 


Using the script bowtie.m from subdirectory mesh, create a struc- 
ture for a bowtie antenna of total length 13.4cm‘*, a flare angle of 90°, 
and a feeding edge length of 5mm. Plot the antenna-to-free-space 
transfer function (amplitude and phase of the dominant E-compo- 
nent) 1m apart on the antenna axis (the z-axis) in the range 25 MHz 
to 6.0GHz. The number of sampling frequency points is 50. 


Using the script spiralplane.m from subdirectory mesh, create a 
structure for the Archimedean spiral antenna of total size 13.4cm? 
with 5 turns and a strip width of 10mm. Plot the antenna-to-free- 
space transfer function (amplitude and phase of two dominant E- 
components) 1m apart on the antenna’s axis (the z-axis) in the range 
25MHz to 6.0GHz. The number of sampling frequency points is 50. 


Using the structure antenna0l.mat for the slot antenna, plot the 
antenna-to-free-space transfer function (amplitude and phase of the 
dominant £-component) at 1m from the antenna center, in the xz- 
plane, at elevation angles 15° and 45°, respectively. The frequency 
range is 1OOMHz to 6.0GHz. The number of sampling frequency 
points is 50. 


Repeat Problem 8.3 for a bowtie antenna of total length 13,4cm (the 
size of the slot antenna from the present chapter), a flare angle of 90°, 
and a feeding edge length of 5mm. 


The voltage across the feed of the transmitting slot antenna shown in 
Fig. 84a (antennati.mat) is a Gaussian pulse of Ins duration. 
Determine and plot the radiated pulse (dominant component of the 
electric field) on the antenna axis (the z-axis) at z = 0.5m. 


The voltage across the feed of a transmitting bowtie antenna of total 
length 13.4 cm, a flare angle of 90°, and a feeding edge length of 5mm 
is a Gaussian pulse of 1 ns duration. Determine and plot the radiated 
pulse (dominant component of the electric field) on the antenna axis 
(the z-axis) at z = 0.5m. 


* [3.4m is the size of the slot antenna of the present chapter in the direction of the slot (see 


Fig. 8.4). 
* Ibid. 


8.7. 


8.8. 


5.9.7 
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-005 0 


Figure 8.14. Three combinations of receiving and transmitting antennas. 


The voltage across the feed of a transmitting Archimedean spiral 
antenna of total size 13.4cm with 5 turns and the strip width 10mm is 
a Gaussian pulse of Ins duration. Determine and plot the radiated 
pulse (two dominant components of the electric field) on the antenna’s 
axis (the z-axis} at z= 0.5m. 


The voltage across the feed of a transmitting bowtie antenna of total 
length 13.4cm, a flare angle of 90°, and a feeding edge length of 5mm 
is a Gaussian pulse of lns duration. Determine and plot the voltage 
pulse received by a second identical bowtie antenna (voltage across 
the feed). The receiving antenna is located at 1 m, face to face to the 
transmitting antenna (Fig. 8.144). 


The voltage across the feed of a transmitting Archimedean spiral 
antenna of total size 13.4cem with 5 turns and the strip width 10mm 
is a Gaussian pulse of ins duration. Determine and plot the voltage 
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pulse received by a second identical spiral antenna (voltage across the 
fecd). The receiving antenna is located at 1 m, face to face to the trans- 
mitting antenna (Fig. 8.144). 


The voltage across the feed of a transmitting Archimedean spiral 
antenna of total size 13.4cm with 5 turns and the strip width 10mm is 
a Gaussian pulse of Ins duration. Determine and plot the voltage 
pulse received by a second bowtie antenna of total length 13.4cm, 
a flare angle of 90°, and a feeding edge Jength of 5mm. The receiv- 
ing antenna is located at Im, face to face to the transmitting antenna 
(Fig. 8.14¢). 
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9.1. INTRODUCTION 


The transient response of perfectly conducting cylindrical electric dipoles and 
monopoles is characterized by a number of reflections from the ends of the 
antenna {typically from the free end), resulting in an erratic response long 
after the excitation pulse is ended. This is why the standard dipole/monopole 
cannot be used for the broadband antenna design (for UWB purposes). 

A classical approach to prevent the reflection from the end of a dipole or 
monopole antenna is to introduce a variable internal resistance per unit 
length. This is the so-called Wu and King model [1,2]. Although the antenna 
is purely reflectionless at only one particular frequency, the frequency depen- 
dence is weak, resulting in a current distribution that is very nearly indepen- 
dent of frequency [3]. 

Another approach to prevent the reflection from the end of the dipole or 
monopole, keeping the ohmic losses negligible, is to use a variable capacitance 
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per unit length. It originates with Hallén [4]. The same objective is achieved 
of nearly occluding the reflecting wave from the end of the monopole but by 
way of a reactive distributed impedance instead of the real one. The corre- 
sponding theory somewhat follows the Wu and King model. The reasoning 
behind such a replacement is that in eliminating the ohmic losses of pure resis- 
tive loading, one could increase the antenna’s efficiency as a radiator. Capac- 
itive loading was further investigated in [5,6]. A comprehensive review of 
different loading types is given in [7]. The NEC code for loaded antennas is 
discussed in [8]. 

In this very short chapter we study the lumped and distributed loading of 
the simple antenna types. The RWG edge elements are ideally suited for mod- 
eling the antenna loading. Actually we only need to change slightly the diag- 
onal terms of the impedance matrix. The corresponding theory was developed 
in [9,10]. 


9.2. CODE SEQUENCE 


The code sequence of Chapter 7 remains practically unchanged. The only 
script that is changed is rwg3.m. This script has a new block that introduces 
the lumped loading of a few RWG edge elements. Distributed loading can be 
simulated using a straightforward modification of this block. 


9.3. LUMPED RESISTOR, INDUCTOR, AND CAPACITOR 


Figure 9.1 illustrates the idea of the loaded edge (RWG edge element) for four 
different loading types with RWG edge elements [9]. One of them, which is 
the voltage feed, has been already investigated in the preceding chapters. 
Equally with the voltage feed, we can introduce a resistive, inductive, or capac- 
itive load of an edge element. 

To see how the loaded edge works we return to the voltage feed model 
discussed in Chapter 4. First, we treat a loaded edge n as if it were exactly 
the voltage source edge, with an unknown voltage in the feed V. Next, the 
unknown voltage is expressed in terms of the total current through the edge 
n. According to Eq. (4.7) this current is equal to /,,f,, where /, is the edge length. 
The corresponding expression is given by 


V= Zn (l, I) (9.1) 


where z, is the lumped impedance (or resistance for a purely resistive 
load). Eq. (9.1) is none other than circuit Ohm’s law for an impedance 
element z, 

Next, the voltage drop (9.1) is incorporated into the moment equations 
according to Eq. (4.5) and moved to its left-hand side (to the impedance 
matrix). Since the source voltage and the load voltage must have the opposite 
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Figure 9.7. lliustration of the loaded edge for four types of loaded RWG elements. 


polarities (see the passive and active reference configurations for an electric 
circuit), the sign of the impedance contribution must be the opposite of the 
feed voltage contribution (alternatively, we could use—V instead of V). 

Thus, if the edge 7 is the only loaded edge, only one diagonal element 
of the impedance matrix Z has to be modified according to the following 
formulas (see also [9}): 
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Resistance R: Zan > Zn +0 y R 


Capacitance C: Zu > Zi, +Y L 
for 


Inductance L: Lun > Lin + (L, Y joL 


Impedance Z: Zin > Zann +0 Yz (9.2) 


a 


The impedance contribution is programmed in the script rwg3 .m. First, 
we identify positions of the lumped elements and the LCR (inductance/ 
capacitance/resistance) values for every clement. The “direction” of the 
lumped element has to be given in order to make clear exactly which edge is 
loaded. The code below illustrates these steps: 











che 




















MPEDANCE ELEMENTS 
SLumped impedance format 
% LoadPoint Lumped element locations 
% LoadValue Vector of L, C, and R 
% LoadDir “Direction” of lumped element 
LNumber=2 ; 


LoadPoint(1:3,1})={0 0.50 O1°; 
LoadValiue(1:3,1)=[0 1lel6 100)’; SLCR 
LoadDir (1:3,1)=[0 1 Q)’; 
LoadPoint (1:3,2)=[0 -0.50 0J]ʻ; 
LoadValue(1:3,2)=[0 lel6 100]’; LCR 
LoadDir (1:3,2)=[0 1 Q)’; 
for k=1:LNumber 
DeltaZ{k})=j*omega*LoadValue(1,kj)+... 
1/ {7 *omega*LoadValue(2,k)}+LoadValue (3,k}; 





end 


Next, a corresponding modification of the impedance matrix is made for 
some edge elements. These elements are identified in the following way: the 
corresponding edges are those closest to the load points and are perpendicu- 
lar to the associated load “directions.” 

The concept of impedance loading is physically very clear for thin strips or 
wires, where we have only one RWG edge element per strip width. The loaded 
edge corresponds to a resistor, or a inductor, or a capacitor that breaks the 
thin strip or the thin wire. Many practical realizations of this design are dis- 
cussed in [8]. 

At the same time we can formally introduce lumped loading for plates or 
other surfaces. It is, however, a difficult question of how to realize such a 
loading in practice. One way might be to cut narrow slots in the metal surface 
and “shorten” them by the lumped elements. 
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Figure 9.2. Feed and load positions for the 2m long dipole. 


Table 9.1. Radiation Characteristics of the Resistively Loaded Dipole 75MHz 














Model Input Impedance, 2 Feed Power, Radiated 
W Power, W 

Present calculation IRS -j x 14 0.0026 0.0011 

Equivalent wire monopole 198 +7 xO. 0.0025 0.0012 


(SuperNEC) with 39 
sepmenis 





9.4. TEST 


As a test example we consider the 2m long dipole simulated by a strip with 
80 triangles and a width of 0.02m. This corresponds to a wire radius of 
0.005 m. The structure ts generated using the script strip.m in subdirectory 
mesh. Two loading edges are shown in Fig. 9.2. We investigate the resistive 
lumped loading using two resistors, 100 Q each. The frequency is 75 MHz (half- 
wavelength dipole). 

Table 9.1 compares the simulation results of the present chapter with the 
SuperNEC simulation results [11] for a loaded wire dipole of an equivalent 
radius. The agreement is quite satisfactory. Table 9.1 also indicates the differ- 
ence between the radiated power of the lossy antenna and the power deliv- 
ered to the antenna in the feed. The former value is considerably smaller than 
the latter. In the present case the ratio of two powers (antenna efficiency) is 
only about 50%. The feed power (at 1 V feed voltage) is calculated in the script 
rwg3.m, whereas the total radiated power (array Total Power) is found in 
the script efield2.m. 


9.5. EFFECTS OF RESISTIVE AND CAPACITIVE LOADING 


First, we investigate the antenna performance in the frequency domain for 
the resistive loading. The same 2m long strip is considered, with the same posi- 
tion of the loading elements. Parameters of the frequency loop are specified 
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in the script rwg3.m. We choose the band from 25 to 500 MHz with totally 
200 frequency steps. Since the strip only has 79 edge elements, the frequency 
loop does not take more than 1.5 minutes. The impedance parameters are 
obtained by running the script sweeplot .m. Note that this script also outputs 
the return loss of the antenna as a function of frequency. 

Figure 9.3 compares three plots for the input impedance: the unloaded 
dipole (a), the dipole loaded with two 100 Q resistors (b), and the dipole loaded 
with two 200 resistors (c). Notice that the moderate resistive loading (Fig. 
9.3b) still preserves the impedance peaks but makes the impedance behavior 
smoother compared to the unloaded dipole. The strong resistive loading may 
completely change the impedance curves (Fig. 9.3c). As can be seen, the posi- 
tion of the load plays a significant role for the dipole. In particular, the second 
resistance peak in Fig. 9.3 remains practically unchanged, since there is almost 
no current through the resistors at the corresponding frequency. 

To obtain the reflectionless dipole, the resistive loading per unit length (y 
changes from —/ to A) should be given by [1,7] (in Q/m) 


Ro 
L~|y[/A 





R= (9.3) 


The value of R, (in Q/m) is calculated separately [1]. The variable internal 
resistance can be implemented as a thin conductive tube of variable thickness, 
surrounding a nonconductive dielectric rod [7]. The dependency (9.2) can be 
approximated by a number of lumped resistors as well. 

Next, the capacitive loading is studied. Figure 9.4 compares three plots for 
the input impedance of an unloaded dipole (a), a dipole loaded with two 
10 pF capacitors (b), and a dipole loaded with two 1 pF capacitors {c}. The posi- 
tion of the load corresponds to that in Fig. 9.2. 

As shown in the figure, the capacitive loading makes the impedance curves 
smoother compared to the unloaded dipole. Furthermore the 10pF capacitive 
loading shifts the impedance curves slightly to the right. In other words, the 
capacitive loading makes the antenna “shorter” than it physically is. On the 
other hand, an inductive loading can be shown to make the antenna “longer” 
than it is. This inviting feature of inductive/capacitive loading is widely used 
in practice. 

When the loading capacitance is very small (impedance magnitude is very 
high),’ the impedance behavior changes completely. This is shown in Fig, 9.4c. 


9.6. CONCLUSIONS 


In this chapter we briefly discussed a simple model of lumped impedance 
loading as adapted to RWG edge elements. Although the impedance loading 


' It may be difficult to realize such small capacitance in practice. 
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Figure 9.3. Input impedance of the resistively loaded dipole at different load values. 
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Figure 9.4. Input impedance of the capacitively loaded dipole at different oad values. 
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is Incorporated very simply into to the numerical model, its practical realiza- 
tion can be difficult [7,8], especially at higher frequencies [8]. Resistive or 
capacitive, or resistive/capacitive, loading is generally used to design broad- 
band nonresonant dipoles [7]. Distributed loading can approximately be rep- 
resented as a number of lumped elements with the adequate impedance per 
unit length (area). 
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PROBLEMS 
9.1. For a2m long dipole estimate the effect of inductive loading on the input 
impedance and the return Joss. Use a frequency sweep of 75 to 500 MHz 
with a total of 200 frequency steps. The loaded elements are shown in 
Fig. 9.2. The inductance value is 0.1 uH per element. 

9.2. Repeat Problem 9.1 if the inductance value changes to 1H. 


9.3. 


9.4. 


9,5.* 


ANTENNA LOADING: LUMPED ELEMENTS 


load position 
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Figure 9.5. Monopole for Problem 9.5. 


For a 2m long dipole estimate the effect of combined inductive/capaci- 
tive loading on the input impedance and the return loss. Use a frequency 
sweep of 75 to 500 MHz with a total of 200 frequency steps. The position 
of the two loading elements is shown in Fig. 9.2. The capacitance value 
is 10pF (for each element). The inductance value is 0.14:H (for each 
element). What is the antenna efficiency then? 


For a 2m long dipole estimate the effect of the combined inductive/resis- 
tive loading on the input impedance and the return loss. Use a frequency 
sweep of 75 to 500 MHz with a total of 200 frequency steps. The loaded 
elements are shown in Fig. 9.2. The inductance value is 1H (for each 
element). The resistance value is 200Q (for each element). 


For a 0.5m long base-driven monopole on a 1 by 1m finite ground plane 
(Fig. 9.5), estimate the effect of the resistive loading on the input imped- 
ance and the return loss. The resistance value is 1009. The load position 
is in the middle of the monopole. Use a frequency sweep of 150 to 
1000MHiz with a total of 50 frequency steps. The antenna structure is 
generated using the script monopole .m from subdirectory mesh. 
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10.1. INTRODUCTION 


Patch or microstrip antennas [1,2] are probably the most widely used class of 
antennas today. They are important in many commercial applications, such 
as mobile radio and wireless communications. These antennas are low-profile 
and conformable to planar and nonplanar surfaces ranging from aircraft and 
rocket shapes to human bodies. The modern patch arrays perhaps constitute 
the most sophisticated and intriguing electromagnetic journey today. A com- 
prehensive review of canonic patch/array shapes can be found in [2]. 
Compared to the other antenna shapes modeled in the preceding chapters, 
there are two new concepts that should be introduced when patch antennas 
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Metal patch 





NN, Metal ground plane 


Coaxial connecter 


Figure 10.1. Typical probe feed for the microstrip antenna. 


are studied. One concerns the supporting dielectric, and the other concerns 
the antenna fecd. Patch antennas are very sensitive to the specific feeding 
method. Many of these methods cxist [2]. 

Two proups of patch antennas may be considered: air-filled or low- 
dielectric {€R ~ 1} patch antennas and metal-dielectric antennas (Er ~ 2-50). 
The presence of a high-e dielectric generally shifts the operation frequency to 
a considerably lower value and reduces its Q [1,3]. 

In this chapter we will study air-filled as well as low-e finite-size patch anten- 
nas. The approximation of an electrically thin substrate [4] is used in the latter 
case. Such an approximation does not add much computational complexity to 
the MoM method used in the preceding chapters. Also the computational time 
remains nearly unchanged. 

There are many configurations that can be used to feed patch antennas. 
The most popular are microstrip line feed, probe feed, and a proximity- 
coupled feed [1,2]. In this chapter we will mostly study the coaxial probe- 
feed patch antennas. This feed configuration is shown in Fig. 10.1. The way to 
model the probe feed is very similar to that for the base-driven monopole 
(Chapter 4). 

The microstrip feed can be introduced in the algorithm as well. In this case 
the feeding edge should be the one of the strip edges. A printed dipole can be 
simulated in the same way. Then the feeding edge must the center edge of the 
dipole. 

This chapter presents a simple patch antenna mesh generator that is used 
to create patch antenna structures in a matter of seconds. This generator 
employs the Matlab mouse function ginput to identify triangles belonging 
to the patch and the feed position. Multiple feeds and parasitic patches can 
be introduced. 


10.2. CODE SEQUENCE 


The code sequence is very similar to that of Chapter 7. The corresponding 
flowchart is shown in Fig. 10.2. To simplify the code, we omit 3D radiation 
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Patch antenna mesh from 
subdirectary mesh 






mesh .mat 
| Creates RWG edge elements 


meshe mat 


Computes impedance matrix 
and solves MoM equations. 
Outputs impedance and current 
distribution 


current.mat Plots in ; 
put impedance 
pan in r ea e m 
> sweeplot \ and return loss 


curreni.mat 














mesh2.mat i Determines and visualizes 
ea ——» rwgSsingle.m surface currents at a single 


current.mat frequency 


mesh2.mat Computes directivity 
efield3single.m pattern(s) at a single frequency 
current, mat 


Figure 10.2. Flowchart of the code sequence of Chapter 10. The script containing the frequency 
loop is grayed. 










patterns. Significant changes are made in the script rwg3.m where the code 
is modified to take the effect of dielectric into account. We will describe these 
changes in this chapter. The dielectric constant e (electric permittivity of the 
dielectric substrate) should be specified at the beginning of this script. 

The script rwg1 .m introduces a new array EdgeIndicator that is used 
to identify edge clements belonging to the different parts of the patch antenna. 
The following values are available: 


oe 


- metal ground plane 

- feeding bottom edges 
comnecting strip (probe feed) 
- feeding top edges 

- patch area 


oe 
mW ho 
I 


ade df ge 


Indexes 1 and 3 corresponds to the edge elements that have one triangle, which 
belongs to the probe feed, and another triangle, which belongs to the ground 
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plane or to the patch, respectively. Also all triangles of the structure now have 
the following identification numbers: 


$t(4,:)=0 triangles of the metal ground plane 
#t(4,:)=1 triangles of the probe feed 
t(4,:)=2 triangles of the patch 

%t(4,:)=3 triangles of the upper boundary of dielectric 


10.3. MODEL OF THE PROBE FEED 


The thin-strip model of the probe feed is based on the algorithm of Chapter 
4, and il essentially reproduces the model for the bottom-fed monopole. 
Figure 10.3 shows the probe feed model adapted to RWG edge elements. The 
starting point is a strip in Fig. 10.34, which models the probe connector. In Fig. 
10.34, two RWG edge elements, having common triangle 7, support the surface 
current J that is directed exactly along the strip axis. For a thin strip the radius 
of the equivalent cylindrical wire is given by Eq. (4.1), that is, dy, = 0.25s, where 
sis the strip width. 

A model of the strip-plate junction is shown in Fig. 10.35. There are two 
edge elements that have the common edge [,,. Such a model can connect two 
and more plates together as demonstrated in Fig. 10.3c. 

For the base-driven probe, the feeding edge at junction /,, requires special 
treatment (Chapter 4). It is common to both the plate and the strip. Therefore 
two RWG elements correspond to the same edge. To separate these two ele- 
ments it is convenient to “double” the junction edge, that is, just repeat it twice 
in the mesh code. The delta-function generator is then applied to edge J,,,. The 
input impedance of the antenna is given by ratio of the common voltage 
through edge i, (1 V) and the sum of the currents of two edge elements cor- 
responding to /,,. 

The feed identification is made in the script rwg3 .m. This is done using the 
array EdgeIndicator introduced in Section 10.2. Since a bottom-driven 





Figure 10.3. Model of the probe feed. (a} Single strip supporting vertical current; (b) strip- 
to-plate junction; (c) strip connecting two plates. 1, 2 indicate two possible positions of the 
feeding edge. 
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probe is mostly considered (EdgeTndicator==1), the following code is used 
to find the antenna impedance 


Index=find (EdgeIndicator==1) 
V (Index) =1*EdgeLength (Index) ; 


— 





GapCurrent (FF}=sum(T (Index) .*EdgeLength (index) ’); 
GapVoltage(FF}=mean(V(Index) . /EdgeLength (Index) } ; 
Impedance (FF) =GapVoltage (FF) /GapCurrent (FF) 








The coaxial connector should be small enough compared to the antenna size. 
Otherwise, the model of the TEM magnetic frill should be employed [5] to 
properly model the coaxial line excitation. 


10.4. GENERATION OF THE ANTENNA STRUCTURE 


Before attempting the calculations for the patch antenna, we must first create 
the antenna structure. This is done in the scrip patchgenerator.m from the 
subdirectory mesh of the Matlab directory of this chapter. As an example we 
will execute that script and not change anything in the code. The Matlab plot 
is shown in Fig. 10.4a. 

This figure shows the ground plane of a patch antenna. ‘The other three 
figures follow the next three steps: 


1. Use the Matiab mouse crass and the left mouse button to mark the 
white triangles shown in Fig. 10.45. These triangles will belong to the 
patch(es). 

2. Press return key after you are ready. The return key fixes the patch(es) 
structure. The picture wil) be updated as shown in Fig. 10.4c. 


3. Use the Matlab mouse cross and the left mouse button to mark the white 
triangles shown in Fig. 10.4d. The edge between these triangles will belong 
to the feed(s). Press return kev. 


After these steps are completed, the antenna structure is created. It appears 
on the screen as shown in Fig. 10.5. The structure is the probe-fed finite patch 
antenna 10x 5 x 1em in size, with a rather narrow patch. This structure could 
be rotated to change the observation direction. 

Looking through the script patchgenerator.m, one can see that it 
employs the Matlab function delaunay in order to create the ground plane 
mesh. Next it separates the patch triangles using the method of images in the 
ground plane and lifts them up to a certain height. After that, the probe feed 
is introduced as a common edge to two triangles identified at step 3. The script 
patchgenerator .m allows the following parameters to be changed 
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Figure 10.4. Four stages of paich antenna generation. Matlab mouse cross is seen. 
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0.05 


Figure 10.5. Antenna structure after execution patchgenerator-m. 


Separation distance between patch and ground plane 
h=0.01; 





L=0.10; $Plate length (along the x-axis} 
w=0.05; $Plate width (along the y-axis) 
Nx=17; SDiscretization parameter (length) 
Ny=9; @Diseretization parameter (width) 
Number of rectangles of the feeding strip: 
Number=3; 


The script can introduce multiple patches and multiple feeds. The problems at 
the end of the chapter provide corresponding examples. The patch antenna’s 
structure is not limited in size, but it is recommended that the total number of 
triangles does nat exceed 4000. 

Surprisingly the Matlab mouse’s output has been found to be sensitive to 
the geometrical size of the structure. When the size of the structure is a small 
fraction of 1 (as it is usually the case), the mouse’s output may stop working 
properly if the number of triangles exceeds 1000. Therefore it is necessary to 
rescale the antenna before the mesh generation. 

Another problem with the script patchgenerator .m is that the width of 
the feeding strip is limited by the discretization accuracy of the ground plane. 
The two patch generators considered below are free of this limitation. 


10.5. INPUT IMPEDANCE, RETURN LOSS, AND THE 
RADIATION PATTERN 


Although the primitive patch antenna model introduced in the previous 
section (Fig. 10.5) is not very practical, it can readily be used to start the basic 
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Figure 10.6. Input impedance (a) and return loss {b} of the simple patch antenna. The circle 
corresponds to the bandwidth area of the antenna. 
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calculations. First, the script rwg1.m would be run and reproduce Fig. 10.5. 
Next, rwg2 .m would be executed. After the RWG edge elements are created, 
the script rwg3 .m would be run. By default this script does a frequency loop 
of 21 points over the band from 1 to 6 GHz. The default dielectric constant 
(relative dielectric permittivity) of the substrate is 1. The execution time for 
the script rwg3 .m should be about 6 minutes on a Pentium IV processor with 
Intel™ motherboard. 

After the script rwg3.m is executed, the script sweeplot .m provides us 
with the input impedance and return loss of the antenna over the desired fre- 
quency band. Figure 10.6 shows the input impedance of the antenna and its 
return loss. The solid line denotes the resistance (impedance real part), and 
the dashed line corresponds to the reactance (impedance imaginary part), 

The input impedance exhibits typical “resonance” behavior with the resis- 
tance peak [1, p. 763]. Such behavior is very common for other resonant anten- 
nas, as we learned in Chapter 7, and not only for the patch antenna. The return 
loss has a minimum of approximately —-5dB at 2.5GHz. When a finer fre- 
quency step is employed, the minimum value drops to approximately -8 dB. 
To ensure proper load matching, the antenna center frequency must therefore 
be close to 2.5GHz. 

The radiation patterns are obtained using the script efield3single.m. 
They are shown in Fig. 10.7. It is seen that the present patch antenna performs 
rather poorly, In particular, the zero radiated field occurs on the antenna’s axis. 
This is a weak design since the microstrip patch should have its maximum 
radiation normal to the patch (broadside radiator) [1]. 

There are two reasons why the broadside radiation is missing. First, the 
structure is symmetric. Since the currents on the “dipole patch” are oppositely 
directed, their contributions cancel each other in the far field. Figure 10.8 
shows the surface current distribution on the patch obtained using the script 
rwg5single.m at 2.5 GHz. 

Second, the patch itself is too narrow to radiate effectively. In conventional 
patch antennas it is not the patch but the regions along the patch’s edges that 
radiate the electromagnetic signal [1]. In these regions the E-field lines are 
fringed. The region beneath the patch is basically a high-Q cavity reso- 
nator with an approximately uniform electric field. So, in order to achieve 
better radiation, we have to make the patch wider and enlarge its radiating 
circumference. 


10.6. WHY DO WE NEED A WIDE PATCH? 


In this section we modify the preceding example in order to make the patch 
antenna work properly. The new antenna structure is shown in Fig. 10.9. The 
structure is again obtained running the script patchgenerator.m. We do 
not have to change anything in the code. However, in contrast to the previous 
example, we increase the patch size (the patch now contains 9 x 5 rectangles). 
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a} xz-plane b} yz-plane 





Figure 10.7. Radiation patterns of the dipole patch antenna at 2.5 GHz. 





0.05 


Figure 10.8. Surface current distribution of the dipole patch antenna at 2.5GHz. The white color 
corresponds to larger magnitudes. 
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Figure 10.9. Patch antenna structure after execution patchgererator.n. 


Also the antenna feed is shifted toward one of the patch edges. Both of these 
changes are critical for the antenna’s performance. The interested reader 
should follow exactly the steps of Section 10.4 to create the patch antenna 
shown in Fig. 10.9. 

The main code sequence rwg1.m, rwg2.m, and rwq3.m is executed. The 
result for the return loss is shown in Fig. 10.10@. We see that the minimum of 
return loss again occurs at 2.5 GHz. This is the center frequency of the antenna. 
The load matching at 2.5 GHz is excellent, so the return loss drops to —16dB. 

Two radiation patterns of the antenna are shown in Fig 10.105. Clearly, the 
present patch antenna performs very well as a broadside radiator with approx- 
imately a 60° beamwidth. 

We know from the literature [1,2] that real input impedances are obtained 
when the patch dimensions are roughly A/2 on a side. In Fig, 10.9, the patch 
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Figure 10.10. Return loss and radiation patterns of the “wide” patch antenna at 2.5GHz. 
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length is approximately 5.6cm, which corresponds to A= 11.2cm and a center 
frequency of f= 2.7 GHz. This value is in a good agreement with the frequency 
f=2.5 GHz which corresponds to the minimum of the return loss in Fig. 10.10a. 


10.7. A PRACTICAL EXAMPLE 


Now we consider a practical example of the dual-band £-shaped patch 
antenna studied in [7]. The air-filled patch antenna operates at 1.9 as well as 
2.4 GHz [7, sec. III]. The patch height is 0.015 m. The antenna is fed by a coaxial 
probe. The probe location corresponds to the center of the common edge of 
two small white triangles in Fig. 10.11a. A large but finite ground plane is 
assumed according to Ref. [7, fig. 1]. 

The antenna has a large ground plane and a slotted patch (Fig. 10.11). 
Therefore the mesh of equal triangles created by patchgenerator.m will 
be too large. It is not appropriate for our purposes. We need a nonuniform 
mesh that has the finest resolution close to the patch slots as well as to the 
feed. 

The initial 2D antenna template is created using the mesh generator of the 
Matlab PDE toolbox as shown in Fig. 10.11a. The corresponding PDE file is 
eshape.m in subdirectory mesh. If you have the PDE Toolbox installed on 
your machine, you can run this file using the Matlab command prompt to see 
the template. The large rectangle created by rectangle tool corresponds 
to the ground plane. An E-shaped polygon inside the rectangle is created using 
polygon tool, and it corresponds to the patch. A small rectangle within the 
patch is also created to refine the mesh close to the feed. 

After we export the mesh to the main Matlab workspace (use export 
mesh and then press ok button) and save the result as eshape.mat, the array 
of triangles will have in its last row the following display: 


t(4, 2) =1 triangles of the metal ground plane 
t(4,:3 =2 tor 3) triangles of the patch 


The Matlab script pachgenerator1.m in subdirectory mesh is intended 
to work with the PDE toolbox. It reads the binary file eshape.mat and 
creates the 3D patch antenna based on the existing triangle indication. Lt is 
not necessary to identify the patch shape using mouse. However, the mouse 
input still exists to identify the probe feed by marking two white triangles 
somewhere on the patch. The output of the script is shown in Fig. 10.11b. 
The width of the feeding strip is 0.0015 m. The structure has totally 1395 edge 
elements. 

Scripts pat chgenerator.mand patchgenerator1 .m are two alterna- 
tives to the patch antenna mesh generation. Whereas the first script is rather 
a “quick and dirty” mesh generator, the second allows more precise adjust- 
ments in the equivalent size of the probe feed. 
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Figure 10.11. Patch antenna from Ref. [7] to scale. {a} Output of the PDE toolbox; (b) output 
of patchgeneraterl. 


Next, the main code sequence rwg1.m, rwg2.m, and rwg3.m is executed, 
Calculations are done over the band 1.5 to 3.0GHz. Two models are consid- 
ered: (1) feeding edge at the bottom edge of the strip (bottom feed 1 in Fig. 
10.3c); and (2) feeding edge at the middle edge of the strip (center feed 2 in 
Fig. 10.3c). The results for the return loss are presented in Fig. 10.12. The 
experimental data [7] (dashed curve} and the HP-HFSS simulation (stars) 
performed in [7] are also given. 
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Figure 10.12. Return loss of the E-shaped antenna as a function of frequency. Dashed line: 
experiment [7]; stars: HFSS simulation [7]; solid line: present simulation. (a) Bottom feeding 
edge; (b) center feeding edge. 


In Fig. 10.12¢ we see that the bottom feed provides good agreement 
between the present results and experiments/simulations done in [7]. At the 
same time the center feed model (Fig. 10.125) fails in almost the entire fre- 
quency domain. Very similar results were obtained for other orientations and 
sizes of the feeding edge on the patch plane. Thus the bottom feeding edge 
with two adjacent edge elements reasonably well describes the probe excita- 
tion of the patch antenna. The coaxial line diameter should be small enough 
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compared to the antenna size. Otherwise, the model of the TEM magnetic frill 
should be employed [5] for coaxial line excitation. 


10.8. DIELECTRIC MODEL 


The full-wave analysts of patch antennas via MoM involves substantial com- 
putational complexity. For infinite substrates, the Green’s function of the 
grounded dielectric slab has to be evaluated carefully [8-10]. For finite ground 
planes, different sets of basis functions are necessary either for the 
volume/surface formulation or for the electric and magnetic currents of the 
EFIE [11,12]. 

The simple moment method solution presented here must be viewed as an 
approximate solution valid for electrically thin dielectric slabs. It originates 
from the paper of Newman and Tulyathan [4]. The finite dielectric slab is 
removed and replaced by the equivalent volume polarization currents J 
(A/m’), 


J= jose, —1)E (10.1) 


where £ is dielectric permittivity of vacuum, £p is relative permittivity, and E 
is the actual electric field in the slab. The dielectric volume is divided into tri- 
angular volume elements as shown in Fig. 10.13. Triangles of the surface mesh 
are used for that purpose. The electric field within each volume element is 
assumed to have only one significant vertical component. This component is 
defined by the surface charges at the top patch and the bottom patch of every 
volume element 


at (p: —p;)} between ground plane and patch (Fig. 10.132) 
E=: 2E (10.2) 


TRG —0) between ground plane and vacuum (Fig. 10.13b) 





Figure 10.13. Quasi-static electric field distribution in a dielectric substrate. 
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where pis the surface charge density on the metal ground plane and the metal 
patch. Equation (10.2) is the well-known quasi-static relation for the parallel- 
plate capacitor. The surface charges are those for the RWG elements on the 
metal surface. 

The volume polarization currents (10.1) alter the electric field on the metal 
surface. They also interact with each other through the radiated electric field. 
The radiated electric field of a single volume element shown in Fig. 10.13¢ is 
obtained using the dipole model (see Chapter 3). The dipole model replaces 
the current in the volume element by a finite-length vertical dipole of height 
h. For better accuracy, several dipoles can be considered that are uniformly 
distributed over the cross section $ of the volume element. 

The modified moment equations take the form (index S refers to metal and 


index D to dielectric) 
ZEH w 
Zsp Zpo = i I, 0) i 


where Ip is the vector of unknown volume currents. Matrix Zys is filled using 
the dipole model. Its #i-element is proportional to the electric field on RWG 
element m due to volume element n. Function point_.mis used to calculate 
the electric field of a finite-length dipole. Matrix Zs, is filled using the capaci- 
tor mode! (10.2). Its mn-element is proportional to the electric field in volume 
element m due to RWG clement n. Square matrix Zp, (self-interaction 
matrix) is filled using the dipole model as well. 

These changes are incorporated into the script rwg3 .m where the matrixes 
Zss, Zys, Zsp, and Zpp are calculated separately. The total execution time is 
approximately 100% higher than the execution time of the pure metallic 
model. The execution time can be reduced using the code vectorization. 

To pursue the full-wave solution, the lateral electric current in the dielec- 
tric must be supported. This can be done by doubling the ground layer of RWG 
edge elements and lifting it up by 4/2, where A is the patch height. Such an 
intermediate layer is capable of supporting any lateral current distribution in 
the dielectric. The full-wave dielectric solution for the patch antennas using 
RWG edge elements will be announced on the book website. 


10.9. ACCURACY OF THE DIELECTRIC MODEL 


Figure 10.14 shows a dielectric patch antenna setup to scale. This setup is a 
modified project DEMO-366 of WIPL-D software [5]. The modifications imply 
that (1) patch thickness is reduced to minimum, (2) the feeding point is moved 
from the patch boundary to the inner point (0.1 0.166) of the patch, and (3) 
the patch height is increased to 0.05m. The probe radius 0.004 m is chosen, and 
it corresponds to a strip width of 0.016m. WIPL-D presumably uses “theorem 
of transfer of excitation” [5, p. 58] and the center-fed wire segment to model 
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Figure 10.14. Dielectric-filled patch antenna setup to scale. (a) Intermediate result after 
identifying the feed position; (b) output of patchgenerator2. 


the probe feed of a patch antenna. Therefore, for the purposes of comparison, 
the center feed model of Fig 10.3c is used here. It is programmed in the script 
rwg3.m just below the code for the base-driven probe. 

The initial uniform 2D mesh is created with the help of the script patch- 
generator2 .m in the subdirectory mesh. This script essentially repeats the 
script patchgenerator.m. However, it manually introduces additional ver- 
texes in order to refine the uniform mesh X, Y in the vicinity of the probe feed 
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and control the probe thickness. This is done by adding four points to the exist- 
ing vertexes. The addition to the code of patchgenerator.m may have the 
following form: 


SIdentify probe feed edge 

x=[0.092 0.108]; 

y={0.166 0.166]; 

X=[X x]; 

Y=[x, y]; 

xl=[mean(x} mean(x}]; 

yl=mean ly) +2* [max(x})-mean(x) min(x)-mean(x)]; 
xX=[X x1]; 

Yy=[¥,y1]; 


The rest of the script remains unchanged. The result is seen in Fig. 10.14b. The 
total number of RWG edge elements (359) matches the number of unknowns 
in the corresponding WIPL-D model (variable from 310 to 474). 

Antenna calculations are done over the band 200 to 400 MHz. The results 
for the return loss are presented in Fig. 10.15a@ to c for three different values 
of the dielectric constant £x = 1.0, 1.5, 2.6. The solid line corresponds to the 
present code, whereas stars denote the WIPL-D results. 

Reasonably good agreement is observed in Fig. 10.15. We can track the 
evolution and decay of the fundamental antenna resonance shown by black 
arrows as Eg increases. Also noticeable is a significant disagreement for the 
pure metallic model in Fig. 10.15a. We believe that this disagreement is due 
to insufficient discretization accuracy close to the antenna feed. 


10.10. CONCLUSIONS 


We have presented the code sequence for the air-filled patch antennas and for 
the patch antennas in the approximation of the electrically thin substrate. 
These codes were tested for a few examples. 

The patch antenna structure can be created using one of the scripts patch- 
generator/patchgeneratorl/patchgenerator2.m im the subdirec- 
tory mesh. These scripts are described in the text. To enable faster structure 
processing, all generator scripts include mouse output. Multiple feeds and a 
patch antenna array can be created using these scripts. 

The total execution time of the model is approximately 100% higher than 
the execution time of the pure metallic model. To pursue the full-wave solu- 
tion, the lateral electric current in the dielectric must be supported. This can 
be done by doubling the ground Jayer of RWG edge elements and lifting it up 
by 4/2, where A is the patch height. Such an intermediate layer is capable of 
supporting any lateral current distribution in the dielectric. No other surface 
or volume discretization becomes necessary. The interested reader can modify 
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Figure 10.15. Return loss as a function of frequency for the tested patch antenna. Stars: WIPL- 
D simulation [5]; solid line: present model. The arrows show the evolution of the fundamental 
resonance as the dielectric constant increases. 
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the source code accordingly. The full-wave dielectric solution for the patch 
antennas using RWG edge elements will be announced on the book’s website. 
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PROBLEMS 


10.1. 


10.2. 


10.3. 


10.4. 
10.5. 


10.6, 


10.7, 


10.8. 


Using the script patchgenerator .m: 

a. Create the antenna structure shown in Fig. 10.16a. 
b. Create the antenna structure shown in Fig. 10.160. 
c Create the antenna structure shown in Fig. 10.16c. 
d. Create the antenna structure shown in Fig. 10.16d. 


Using the script patchgenerator2.m: 
a. Create the patch array shown in Fig. 10.17a. 
b. Create the patch array shown in Fig. 10.170. 


For the antenna shown in Fig. 10.16a@ calculate the return loss over the 
band 0.5 to $5 GHz. Use 41 frequency points per band. Based on those 
calculations: 


a. Find the center frequency of the antenna. 

b. Plot radiation patterns and the surface current distribution at the 
center frequency. 

c. Is the patch antenna broadside or end-fire? 


Repeat Problem 10.3 when the patch height is two times smaller. 


For the antenna shown in Fig. 10.16 calculate the return loss over the 
band 0.5 to 6GHz. Use 41 frequency points per band. Based on those 
calculations: 

a. Find the center frequency of the antenna. 


b. Plot radiation patterns and the surface current distribution at the 
center frequency. 


For the antenna shown in Fig. 10.16c calculate the return loss over the 

band 0.5 to 6 GHz. Use 41 frequency points per band. Based on those 

calculations: 

a. Find the center frequency of the antenna. 

b. Estimate the antenna bandwidth. 

e. Plot radiation patterns and the surface current distribution at the 
center frequency. 

Is the patch antenna broadside or end-fire? 


The antenna in Fig. 10.16d is a series-connected patch array [1, p. 773]. 
Find the center frequency of the antenna over the band 1 to 6GHz. 
Use 81 frequency points per band. Plot the radiation patterns at that 
frequency. 


Use the script patchgenerator2.m to create the antenna structure 
shown in Fig. 10.14. Change the antenna height to 0.03 m, and calcu- 
late and plot the return loss over the band 200 to 400GHz at 
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Figure 10.16. Various patch antenna configurations. 
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Figure 10.17. Various patch antenna configurations (planar array). 


a. Ex = 1.0 
b. Ep = 1.5 
C Ep = 2.0 


Use 41 frequency points per band. 


10.9. A high-impedance surface has recently been proposed that improves 
the characteristics of patch antennas [13-15]. The surface has a typical 
“mushroom” structure as shown in Fig. 10.18. Create and plot the 
high-impedance surface shown in Fig. 10.18. 
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Figure 10.18. High-impedance “mushroom” surface similar to [13-15]. 


10.10.* The patch antenna array shown in Fig. 10.18 is created using pateh- 
generator .m. It has multiple feeds (one feed per patch). All feeds 
have EdgeIndicator=1 (see Section 10.2) and cannot be separated 
in the present code. Change the code of the script rwg3.m in order 
to make only one certain feed active. Attach the corresponding code 
modification and test it. Hmt: Use a simplified model with only two 
patches to test the code. 








APPENDIX A 





OTHER TRIANGULAR 
MESHES 





A.1. Plate Mesh 

A.2. Cube Mesh and Volume Metal Grid 
A.3. Cavity Model 

A.4. Strip Mesh 

A.5. Spherical and Cylindrical Structures 


A.1. PLATE MESH 


The mesh for a plate of arbitrary length/width having an arbitrary discretiza- 
tion accuracy is created running the script plate .m. This is essentially equiva- 
lent to the script strip.m used in the main text. The script outputs the mesh 
into binary file plate.mat. Run this script to see the result. 


A.2. CUBE MESH AND VOLUME METAL GRID 


The code volumemesh.m is intended to create rectangular volume grid 
meshes having arbitrary discretization accuracy. It creates a mesh cube as a 
degenerate case. Although it is being extensively tested, this code has not yet 
been properly optimized, Therefore it is very lengthy and slow. The script uses 
function strip_.m, which is not equivalent to the code strip.mof the main 
text. The input parameters of the script are illustrated in Fig. A.1. 
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Figure A.1. Input parameters for the script volumemesh.m (left upper corner) and the 
resulting mesh. 


Figure A.2 shows the script output for two other sets of input parameters. 
These include a cube (Nx=Ny=1) and a 9 x 10 thick metal grid (Nx=Ny=10). 
Strictly speaking, the number of bars perpendicular to the x-axis is not equal 
to Nx but to Nx-1. Variable size controls the mesh grid size. 


A.3. CAVITY MODEL 


The code volumemesh1 .m is a modification of the code volumemesh.n. It 
removes the upper layer of triangles and creates an “open” volume metal 
mesh. The degenerate case of the cube thus corresponds to an open rectan- 
gular cavity. Figure A.3 shows two possible cavity meshes. 
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Figure A.2. input parameters for the script volumemesh.m (left upper corner) and the result- 


ing mesh. (a) Metal cube; (b) metal grid. 
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Figure A.3. Input parameters for the script volumemesh1 .m (left upper corner) and the result- 
ing mesh, (a) Deep rectangular cavity; (b) shallow cavity. 
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A.4. STRIP MESH 


The code volumemeshi.m at H = 0 outputs planar meshes of intercepting 
strips with various cell sizes and strip widths. Figure A.4 provides an example. 
Note that these planar meshes can be combined together to form a volumet- 
ric lattice of strip layers. 


A.5. SPHERIC AND CYLINDRICAL STRUCTURES 


Sphericae and cylindrical structures (sphere.mat, spherel.mat, 
cylinder.mat) are imported to Matlab in ASCII format. They are shown 
in Fig. A.5. There are no special mesh generators for these structures. 
Structure sphere.mat has the radius of Im and 500 triangles. 
Structure spherel.mat has the radius of 1m and 8000 triangles. The finite 
10:1 cylinder cylinder .mat has 340 triangles. 
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Figure A.4, Input parameters for the script volumemesh1 .m (left upper corner} and the result- 
ing planar strip mesh. 
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Figure A.5. Meshes for the sphere and cylinder used in text. (a) Sphere.mat; (b) 
sphere® mati (C) cylinder.mact. 








APPENDIX B 


IMPEDANCE MATRIX 
CALCULATION 





B.1. Impedance Matrix Calculations 
B.2. Self-coupling Terms 
References 


B.1. IMPEDANCE MATRIX CALCULATIONS 


Below we present the algorithm for the impedance matrix calculation 
employed in the present text. The algorithm essentially utilizes “the face-pair™ 
method discussed in [1] but is not equivalent to it. It is based on the summa- 
tion of contributions due to integration over separate triangles. The names of 
variables are kept as close as possible to the original variables used in the 
source code for the impedance matrix (function impmet .m). 

A triangle 7,, p = [1: TrianglesTotal] may be a part of a few edge ele- 
ments that include T, as the “plus” triangle. The numbers of those elements 
are stored m the array Plus: 





Plus =find (TrianglePlus-p-=0); (Bt) 


Note that the array Plus may have any length from 0 to 3. The same triangle 
T, p = [1: TrianglesTotal]| may be a part of a few other edge elements 
that include 7, as the “minus” triangle. The numbers of those elements are 
stored in the array Minus: 





Minus =fnd (TriangleMinus-p==0) ; (B2) 
The array Minus may have any length from 0 to 3. 
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It can be seen from Eqs. (2.2) and (2.4) of Chapter 2 that only the follow- 
ing elements of the impedance matrix: 


fort enagesteva: Plus (B3) 


and 


“ti: magesTozel: Ainus (B4) 


include the integrals over triangle 7,. Indeed, along with the integrals over T,,, 
they may include integrals over other triangles. 

It is therefore suggested to find all possible integrals over T, first and then 
accumulate these in the appropriate elements of matrix Z given by (B3) and 
(B4). Hence, the “contribution” of triangle T, into the impedance matrix will 
be completed. 

Next, triangle T, is considered. Contributions associated with the integrals 
over T; are accumulated in the appropriate elements of Z in the same way. 
Further, the process continues as a loop over all triangles of the structure. 
Once integrals over all triangles are calculated, the impedance matrix is filled, 

In particular, the integrals over T, are accumulated in the following way 
(combination of Eqs. (2.2) and (2.4) of Chapter 2): 
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Eqs. (B5) are programmed in the function impmet .m. Functions g. p, p% are 
given by Matlab arrays g, RHO__Plus/Minus, and PHO_P/M. The latter (con- 
temporary) arrays are replicated versions of the arrays RHO_Plus/Minus 
over nine triangle sub-points. 
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B.2. SELF-COUPLING TERMS 


One must realize that the 9-point numerical quadrature (2.1) of Chapter 2 is 
a simple but not necessarily the most accurate method of the impedance 
matrix calculation, especially for the diagonal terms. More accurate numeri- 
cal quadrature or an analytical formula may be employed. 

The accuracy of quadrature (2.1) for the diagonal terms of the impedance 
matrix is discussed below. Here, all integrals containing singularity t/r within 
the triangle (the so-called self-coupling terms) are approximated using the 
analytical formula given in [2]. All other non-singular integrals still use the 9- 
point quadrature. Surprisingly, the mixed approach gives the results that are 
very close to the results of Chapter 2. The reason for this is likely the inte- 
erable character of the singularity 1/[r| on the plane. Interested readers may 
use the algorithm of Appendix B instead of the algorithm of Chapter 2. The 
scripts rwg2.m, rwg3.m,and impmet .m should be replaced by those from 
the Matlab directory of Appendix B. 

The impedance matrix introduced in [1] originally included the following 
double integrals: 


—jklr—e’. 
| a(x) f ble’ > —- dd’ (B6) 


ROR | | 


where a and b may be either p or a constant. The next step of Ref, 1 was to 
climinate integration over r by introducing the one-point approximation, at 
the triangle centroid r“. This is the way in which the impedance matrix in 
Chapter 2 (and Eq. (B5)) was obtained. In order to calculate the self-coupling 
terms (when p = q in Eq. (B6)) we will start with the original expression Eq. 
(B6). When the triangle size is small compared to wavelength, one can use 
‘Taylor series expansion 
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Further, the function a(r) is replaced by its value at the triangle centroid r“. 
The function &(1’) may be replaced either by its value at the triangle centroid 
or by its averaged value over the triangle area. Thus, one has to calculate the 
potential integral in the last term on the right-hand side of Eq. (B8). Accord- 
ing to [2] 
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where indexes 1, 2, and 3 denote triangle vertexes, A » 1s the triangle area. 

Integrals (B9) are now programmed in the script rwg2 .m and used to cal- 
culate the impedance matrix. The easiest way to incorporate (B9) and (B8) 
into the existing “uniform” algorithm is to replace the corresponding diago- 
nal elements of the Green's function. This is done in the function impmet .m. 
The corresponding Matlab codes are located in the Matlab directory of 
Appendix B. They are equivalent to the codes of Chapter 2 (scattering) except 
for the different way of calculating the self-coupling terms of the impedance 
matrix. 

The test of the code has demonstrated minor improvement compared to 
the case of the uniform 9-point quadrature. For example, if one uses the code 
of Appendix B, the calculations of Chapter 2 are reproduced almost identi- 
cally, with the difference in surface current magnitudes less than 1%. 
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Active impedance, see Impedance, active 
Archimedean spiral antenna, see Spiral 


antenna 


Antenna 


aperture, see Effective aperture 
arrays, see Antenna arrays 
circuit, see Antenna circuit 
efficiency, 227 

far-field, see Antenna far-field 
feed, see Feed model 
impedance, see Impedance 
loading, see Antenna load 
polarization, see Polarization 
radiation mode of, 42-44 
receiving mode of, 11-12, 79-80 
resonance, 138 

transmitting mode of, 39-40 


Antenna arrays 


active impedance of, 118 

array factor of, 130-131 

bowtie, 143-145 

broadside, 124-127 

circular, 116-117 

dipole, 115-117 

clectronic beam steering of, 124 

end-fire, 124, 128-130, 133-139 

Hansen-Woodyard model, 133, 
135-136 

linear, 115-116 

monopole, 116-117 

network equations, 123-124 

patch, 256-257 

pattern multiplication theorem, 
130-133 

planar, 256-257 

phased, 114, 139-142 
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terminal impedance, see Impedance, 
terminal 
two-element array, 119-122 


Antenna circuit 


conjugate matched load, 82 

equivalent circuit, 81,215 

reflection coefficient, 160, 215 

return loss, 160 

terminal impedance, see Impedance, 
terminal 

transmission coefficient, 215 


Antenna far-field 


bandwidth, 152 
beamwidth, 125-126 
cuts 

F-plane, 46, 205 

H-plane, 46, 205 
directivity, 47-48 
directivity patterns, 47-49, 76-79 
effective aperture, 51-52 
far-field distance, 44 
gain, 50-51 
Poynting vector, 45 
radiated field at a point, 44-45 
radiated power, 72, 75 
radiation density, 46 
radiation efficiency, 227 
radiation intensity, 46 
radiation resistance, 74-76 
side lobes, 125 


Antenna load 


capacitive load, 230 

lumped elements, 224-225 

modification of impedance matrix, 
226 

resistive load, 227-229 
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Balanis, C. A.,? 
Bandwidth, 152 
Barycentric triangle subdivision, 18 
Beamwidth, 125-126 
Bi-directional antenna, 169 
Bowtie antenna 
gain, 166, 168 
input impedance, 166-167 
mesh generator. 165-166 
radiation patterns, 169-171 
resonance, 166, 168 
scattering, 28-29 
surface current distribution, 29 
V-shaped, 188 
Broadband antenna, 152 
Broadside array, 124-127 


Capacitive loading, see Antenna load 

Capacitor model for dielectric, 248- 
249 

Cavity, 262 

Circuit, see Equivalent circuil 

Circular array, ] 16-117 

Complementary antennas, 32 

Conjugate matched load, 82 

Cube, 261 

Current radiator, 93 

Cylinder, 264 


Dipole antenna 
capacitive load, 230 
feed model, 60-62 
gain, [60-162 
input impedance, 65—66, 158-160 
mesh generator, 60 
radiation patterns, 73, 76-77 
resistive load, 227-229 
resonance, 158, 160-162 
resonant feneth, 158 
return loss, 160-162 
scattering, 25-28 
strip model, 60 
strip model, comparison with NEC 
solver, 162-165 
surface current distribution, 63- 
64 
with reflector, 84-86 
Dipole array, see Antenna arrays 
Directivity, 47-50 


Directivity patterns, 48-49, 76-78 
Disk, 37 


Effective aperture, 51-52 

Efficiency of antenna, 227 

End-fire array, 124, 128-130, 133-139 
E-plane, see Antenna far-field, cuts 
Equivalent circuit, 81, 215-216 


Far-field, see Antenna far-field 
Far-field distance, 44 
Feed model 
array, $15,118 
bottom feed, 69-70 
center feed, 60-62 
coaxial probe feed, 234, 236 
delta gap voltage generator, 61-62 
gap voltage, 11 
feeding/driving edge, 61, 63, 70 
magnetic frill, 237 
volage excitation vector, 22, 62 
Fractal antenna 
gain, 185 
input impedance, 181-182 
input reflection coefficient, 183 
mesh generator, 156-157, 179-180 
radiation patterns, 185 
resonance’s, 181, 183-184 
surface current distribution, 184-185 
Free-space impedance, see Impedance, 
Iree space 
Frequency loop, 153-155 
Friis transmission formula, 81-82 


Gain, 50-5] 

Gaussian voltage pulse 
duration, 197 
center frequency, 197 
half-power lower frequency, 198 
halt-power higher frequency, [98 
half-power bandwidth, 199 


Hansen-Woodyard model, 135-137 
Helical antenna 

axial mode, 105 

input impedance, 104, 107 

mesh generator, 102, 105 

normal mode, 102 

radiated field at a point, 107 


radiation patterns, 103, 106, 108 


surface current distribution, 103, 106 


108 
f-plane, see Antenna far-field, cuts 


Impedance 
active, 11& 
antenna, 65, 71 
antenna array, 118 
bowtie, see Bowtie antenna 
dipole, see Dipole antenna 
free space, 24-25 
matrix, see Impedance matrix 
monopole, see Monopole antenna 
mismatch, 213, 215-216 
mutual impedance, 123 
sclf-impedance, 123 
spiral, see Spiral antenna 
terminal, 118-120, 123-124 
ultrawideband antenna, 203 
Impedance matrix 
antenna loading, 226 
calculation, 265 
filling time, 8 
integration, 18 
maximum size, 8, 144-145 
metal structure, 19-21 
metal-diclectric structure, 249 
RWG edge elements. 5-7, 16-17 
self-coupling terms, 266 
Impulse antenna, | 93-194 
Input impedance, see Impedance 
Input reactance 
capacitive, 95 
inductive, 95 
Input resistance 
loss component, 227 
radiation component, 74-76 
Isotropic antenna, 48 


Kraus, J. D., 115,119 


Linear array, 115-116 
Load, see Antenna load 
Loop antenna 
axial mode, 100-102 
elecirically large, 93 
electrically small, 93 
input impedance, 95, 102 
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mesh generator, 90-91 

radiated field at a paint, 98 
radiation patterns, 96-97, 99, 101 
surface current disiribution, 94 


Lumped elements, see Antenna load 


Matlab 


antenna related packages, 1 

compiler, 33-34 

disabling Java virtua] machine, 145 

function(s), see Matlab functions 

execution times, & 

loop(s}. 7. See alse 
Parameter/Frequency loop 

matrix solver(s), 22-23 

mesh, see Mesh generator(s) 

mouse input. 67, 237 

PDE toolbox, 14-16, 28, 30-31, 199, 
245 

scripts, converting to functions, 33 

under LINUX, &, 34 

under Windows, 8 


Matlab functions 


angle, 207 
delaunay, 165 
delaunaya, 14 
Gaussian elimination, 23 
ginput, 67 
omres, 23 

inv, 23 
rotated, 14 
polar, 48 
subplot, 48 
view, 13 
unwrap, 207 


Mesh{es} 


antenna, see Mesh generator(s) 
cloning of, 115 

generator(s), see Mesh generator(s) 
siructured, 15 

unstructured, 15 


Mesh generator(s} 


array of bowties, 141 
array of dipoles, circular, 116-117 
array of dipoles, hnear, 115-116 
array of monopoles, 116-117 
bowtie 
Matlab script, 165-166 
V-shaped, 188 
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cavity, 262 
cube, 261 
cylinder, 264 
dipole, 60 
dipole with reflector, 85-86 
disk, 37 
fractal antenna, 156-157, 179-180 
helical antenna, 102, 105 
loop antenna, 90-91 
metal lattice, 260, 261, 263 
mouse input, 67, 237 
overview, 4 
patch antenna, 237-239, 245-246, 
250-251 
patch array, 256-257 
PDE toolbox mesh generator, 14-16, 
28, 30-31, 199, 245 
plate 
bent, 84-85 
Matlab script, 67, 259 
reflector, 84-86 
slot, 30 
slot antenna of Time Domain, Co., 
199 
sphere, 264 
spiral, 155, 172-173 
strip, 60 
volume metal mesh, 260-261 
Method of Moments (MoM) 
equations of, 
scattering, 21-22 
radiation, 62 
metal-dielectric, 249 
for pulse antenna, 195 
impedance matrix, see Impedance 
matrix 
in time domain, 195. See also 
Time-domain analysis 
MoM, see Method of Moments 
Monopole antenna 
feed model, 70 
gain, 74 
input impedance, 71 
mesh generator, 67-70 
radiated field at a point, 72 
radiation patterns, 72-74 
resistive load, 232 
surface current distribution, 69 


Monopole array, see Antenna arrays 
Mouse input, see Matlab 
Multiband antenna, see Fractal antenna 


Omnidirectional antenna, 50 


Pattern multiplication theorem, 130-133 
Parameter loop 
versus element spacing for broadside 
array, 122-123 
versus phase shift for end-fire array, 
133-135 
Patch antenna 
array, 256-257 
dielectric model, 248-249 
feed model, 234, 236-237 
input impedance, 240 
mesh generator, 237-239, 245-246, 
250-251 
radiation patterns, 242, 244 
resonance, 241, 244, 247, 25? 
return loss, 240, 244, 251-252 
Patch array, 256-257 
Phase, see Matlab functions, unwrap 
Phased array, 114, 139-142 
Planar array, 256-257 
Plane wave, 22 
Plane wave approximation, 44 
Plate 
bent, 84-85 
mesh using PDE toolbox, 15 
mesh using plate.m, 67,259 
scattering, 24-25 
Polarization 
circular, 107 
dipole versus slot, 32 
linear, 22, 27 
Power gain, see Gain 
Power resonance’s, 158, 160 
Poynting vector, 45 
Progressive phase shift, 128, See also 
Phased array 
Pulse 
bandwidth, see Gaussian voltage 
pulse 
center frequency, see Gaussian voliage 
pulse 
fidelity, 209 


Radiated field at a point, 44-45 
Radiated power, 72 
Radiation 
density, 46 
efficiency, see Efficiency of antenna 
intensity, 46 
resistance, 74-76 
Radiation of surface currents, 42—44 
Receiving antenna, 11-12, 79-80, 
209-210 
Reflection caefficient, 160,215. See also 
Impedance 
Reflector, 84-86 
Resistive loading, see Antenna load 
Resonant length, 158 
Return loss, 160. See afiso Impedance 
RWG edge elements, 5-7, 16-17 


Scattering 
bowtie, 29 
dipole, 27 
incident field, 22, 26, 28, 30 
plate, 24 
slot, 31-32 
Side lobes, 125 
Slot, see Mesh generator(s) 
Slot antenna 
input impedance for different feed 
models, 201 
mesh, 29-30 
polarization, 31—32 
scattering, 29-32 
ultra-wideband, 193-194 
Sphere, 264 
Spiral antenna 
active region, 176 
conical, 190 
gain, 177 
Input impedance, 172-176 
mesh generator, 155, 172-173 
radiation patterns, 178-179 
resonance, 174 
surface current distribution, 176 
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Strip, see Mesh generator(s) 

Strip mesh, 60 

Surface electric currents 
density, 21 
radiation of, 42-44 
visualization, 23-24 
independent of frequency, 223 


Terminal impedance, see Impedance, 
terminal 
Time-domain analysis 
antenna-lo-antenna transfer function, 
209-211 
antenna-to-free-space transfer 
function, 207-209 
discrete Fourier transform, 211-213 
MoM for time domain, 195 
Transverse electromagnetic (TEM) 
waves, 44 
Transfer function, see Time-domain 
analysis 
Transmission coefficient, 215 
‘Transmitting antenna, 39-40 





Ultra-wideband antenna, 152, 193- 
194 
Ultra-wideband antenna of Time 
Domain. Co. 
fced model, 199-200 
input impedance, 201, 203 
mesh generator, 199-200 
radiated field at a point, 208 
radiation patterns, 205~206 
surface current distribution, 202 


Voltage radiator, 93 
Volume metal mesh, 260-261 


Wire antenna 
strip model of a wire, 7, 60 


radius of equivalent wire. 60 


Yagi-Uda antenna, 138 
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